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The various stages of baryonic gamma-ray burst afterglow blast waves are reviewed.
These are responsible for the afterglow emission from which much of our understanding
of gamma-ray bursts derives. Initially, the blast waves are confined to the dense medium
surrounding the burster (stellar envelope or dense wind), giving rise to a jet-cocoon struc-
ture. A massive ejecta is released and potentially fed by ongoing energy release from the
burster and a forward-reverse shock system is set up between ejecta and ambient density.
Ultimately the blast wave spreads sideways and slows down, and the dominant afterglow
emission shifts from X-rays down to radio. Over the past years significant progress has
been made both observationally and theoretically/numerically in our understanding of
these blast waves, unique in the universe due to their often incredibly high initial Lorentz
factors of 100-1000. The recent discovery of a short gamma-ray burst counterpart to a
gravitational wave detection (GW 170817) brings the promise of a completely new avenue
to explore and constrain the dynamics of gamma-ray burst blast waves.
Keywords: Keyword1; keyword2; keyword3.
PACS numbers:
1. Introduction
Gamma-ray bursts (GRBs) are brief, energetic flashes of gamma rays and hold the
record as the most luminous explosions in the universe. The first detected GRB
dates from 1967, when it was discovered by military satellites.1 As the number
of detections grew,2, 3 it became increasingly apparent that GRBs were distributed
isotropically on the sky (as opposed to e.g. favoring the galactic plane). Nevertheless,
the vast luminosities implied by an extra-galactic distance and the fact that the
isotropic nature of the distribution only became statistically solid once the sample
had grown sufficiently large, allowed for a healthy initial skepticism before GRBs
were accepted as cosmological.
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What ultimately tipped the scales firmly in favor of extra-galactic models in-
volving cataclysmic events produced by individual or merging stars, were the 1997
discoveries of afterglows and the redshift distance determinations that these made
possible.4, 5 GRB afterglows had been predicted by a class of models (most explic-
itly, the fireball model6, 7) positing a sudden deposition of a huge amount of energy
at the site of a neutron star merger or massive star collapse. This was argued to
trigger an expanding relativistic blast wave, which would ultimately decelerate and
produce counterpart emission at a range of frequencies (i.e. X-rays and optical,8
radio9), as the energies of shock-accelerated particles in the blast wave shifted to
lower peak values. The far smaller directional error circles from afterglow X-ray
and optical measurements relative to gamma rays made the first host galaxy asso-
ciation10, 11 possible (GRB 970228), at which point the verdict was unambiguously
in.
The first detected afterglow was connected to a long GRB. It had already become
clear that there existed a bimodality in the distribution of GRB durations, with sep-
arate long and short duration populations on either side of a divide at roughly 2
seconds.12 The aforementioned host galaxy association of GRB 970228 and in par-
ticular the measurement of a supernova (SN) counterpart to nearby (uniquely so,
at z = 0.0085) GRB 980425,13 firmly established a massive star origin for the long
GRBs. The predominant model for short GRBs is that these are launched during the
merger of two neutron stars.14, 15 Until very recently, the peer-reviewed evidence for
the short GRB scenario remained indirect, and was based on e.g. time-scale argu-
ments, host galaxy types and measured offsets relative to host galaxies (for a recent
review, see e.g.16). However, short GRBs have long been considered likely candidates
for detectable gravitational wave emission.17 Indeed, the recent joint detection18–21
of a (weak) short GRB and gravitational wave burst (GW 170817) from a neutron
star merger, achieved for short GRBs what establishing a supernova counterpart
did for long GRBs and the merger origin can be considered confirmed (if not for all
short GRBs then at least for a sub-class of weak short GRBs). Subsequent broad-
band afterglow detections from this source further cemented this connection.22, 23
Following the 2004 launch of the Swift satellite,24 capable of quickly slewing
towards the direction of a GRB detection in order to take afterglow measurements
at X-rays, UV and optical, the sample of GRB afterglows grew quickly (and stands
currently at well over a thousand). Nowadays, GRB distances are determined pre-
dominantly through absorption spectroscopy of the optical afterglow, illustrating
the central role of the afterglow stage for understanding the GRB phenomenon.
Beyond providing a bright target for redshift determinations, afterglow blast
waves provide us in myriad ways with essential information about GRBs. Because
the blast wave evolves quickly even by human standards, it is possible to trace its
emission life-cycle in terms of temporal and spectral evolution in real-time and use
measurements from successive stages to obtain a wealth of complementary infor-
mation that can be used to put constraints on underlying physical models. During
the afterglow stage, the main emission mechanism most likely is synchrotron emis-
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sion from electrons accelerated at the forward shock front. This emission will peak
at progressively longer wavelengths as the blast wave decelerates, with the peak
of the emitting electron population evolving in a manner similar to the decreasing
post-shock temperature. Early observations are typically easiest at high frequen-
cies (i.e. X-rays), and some bursts remain visible for years in the radio long after
their optical and X-ray emission has faded below the detection threshold.25 Ideally,
broadband observations overlap in time and allow for a direct determination of the
instantaneous synchrotron spectrum in full.26 The characteristics of the spectrum
thus obtained, can then be plugged directly into flux equations based on physical
parameters of the model and its emission,27, 28 including isotropic equivalent blast
wave energy Eiso, circumburst medium density ρext and structure, jet opening angle
θ0 in case of a collimated outflow, efficiency of electron acceleration ǫe and magnetic
field generation at the shock front ǫB.
1.1. Afterglow jets
There are various reasons to believe GRBS to be collimated, both observational and
theoretical. One observational consequence of collimated flow is the occurrence of a
jet break, a change in the light curve revealing the underlying jet. Certain light curve
steepenings, typically in X-rays and optical, have regularly been identified as such
(we will discuss this in more detail in section 6). Non-sphericity of the outflow also
has an implication for the energy budget and detection rate, both for long29 and
short30 GRBs. Given that during prompt and early afterglow stages our observa-
tions are limited to those patches of the outflow within a beaming angle ∆θ ∼ 1/γ,
we will not be able to tell a jetted outflow from a spherical one31 as long as this
angle is narrower than the jet opening angle. The difference between actual and
isotropic equivalent energy, both released in radiation and contained in the jet, is
therefore unknown at this stage. Accounting for collimation reduces the sometimes
extreme values for Eiso (see e.g. Ref. 32) to more reasonable values, and the actual
gamma-ray energy releases for long GRBs have long been argued to cluster around
1051 erg.33, 34 The exact value for the energy in long GRBs (in the prompt emission,
afterglow ejecta and accompanying SN photon and neutrino emission, if applicable)
provides an important clue to the nature of the progenitor. Values have been de-
termined to lie very close to or past the cap expected for a magnetar engine, which
can either be taken to suggest that a black hole (BH) progenitor is more likely, or
as confirmation of a magnetar origin because no unambiguous violations have been
found thus far.35
The prompt GRB, the afterglow and the SN (or kilonova, in the case of short
GRBs36), all derive from outflows associated with the same underlying cataclysmic
event. On the other hand, GRB / afterglow counterparts are often clearly absent
from broad-lined Ic SN events37 (the type associated with long GRBs), and their
explosion mechanism therefore does not inevitably produce a GRB. The cleanest
separation between GRB and SN is achieved when the GRB jet is collimated along
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the poles, while the SN (or kilonova) outflow occurs quasi-isotropically or along
larger angles. Nevertheless, both types of flow might well interact and reinforce
each other (see e.g. 38, 39). This interaction might even lead to hybrid events
separate from both typical GRBs and SNe. The collapsar model for long GRBs
emerged from a description of “failed supernovae”.40 Low-luminosity GRBs might
also be seen as an example crossing the divide between these different types of stellar
explosions.41–44
1.2. This review
Progress is moving fast in the field of GRBs and there are many excellent reviews
available that cover all facets of the GRB phenomenon, discussing aspects ranging
from theory and observations of prompt and afterglow GRB emission to the na-
ture of their progenitors and surroundings.45–48 A number of core questions about
GRBs remain open to this day, although our hypotheses have been refined over the
years. The most glaring outstanding questions that have a direct impact on our
understanding and modelling of afterglow dynamics include what is the nature of
the progenitor system?, how are the jets launched in the first place? and what is the
prompt emission mechanism? More and more complex features of the broadband
afterglow light curve have been revealed as a result of our increased observational
capabilities, in particular in the X-rays.
In this review, I will focus specifically on the dynamical aspects of afterglow
blast waves, and what they tell us about GRBs. By and large, computing after-
glow dynamics is an exercise in relativistic hydrodynamics (RHD), albeit one with
many opportunities for detours and contrasting approaches. For the sake of future
reference throughout this review, Appendix A provides the inviscid equations of
relativistic hydrodynamics in spherical coordinates with axial symmetry along the
jet axis.49 In these equations all symbols have their usual meaninga. GRB jets have
often been studied numerically, in particular where they exhibit complex flow struc-
tures that are not readily analytically approximated. This review will discuss the
various stages of the afterglow evolution, from launch to late-time interactions with
the large-scale environment. Per topic, well-established theory and observational
results are recapitulated, and more recent developments from approximately the
past five years are discussed (but leaving a brief discussion of GW170817 / GRB
170817A until the end of the review). A schematic framework for the evolution of
the afterglow as a whole is provided by Fig. 1.
ac speed of light; t lab frame time; γ fluid Lorentz factor; ρ comoving (rest) mass density; βr and
βθ lab frame fluid velocity components in r and θ direction respectively, in terms of c; h relativistic
enthalpy density including ρ; p pressure; e (which we will encounter later) internal energy density
excluding rest mass.
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Fig. 1. The various stages of GRB afterglow blast waves. An accretion disk is formed and a
bipolar jet is launched. The dense environment (stellar envelope, dense wind) leads to a jet-cocoon
structure. The jet emerges and a reverse shock passes through the ejecta (or sustained injection
profile). The ultra-relativistic blast wave will slow down, begin spreading and ultimately end up
as a quasi-spherical Newtonian remnant.
2. The Fireball model
2.1. Early stages of the fireball
The observational discovery of afterglows confirmed a direct prediction6, 7 of the
fireball model for GRB blast waves.50, 51 The fireball model was developed to esti-
mate the evolution of an optically thick photon pair plasma. Later models replace
this spherical model with that of a bipolar outflow.
The early stages of fireball evolution are those of free expansion. Although ra-
diation pressure is likely to play an important role initially in the evolution of the
fireball (and thus for estimates about prompt stage dynamics), this becomes less
relevant as we move to the afterglow stage and we will ignore this aspect here.
Starting off in spherical symmetry, the qualitative evolution of the fireball can be
established quickly by a change of variables t, r → s = ct − r, r (i.e. following
along radially at light speed).52–54 Once the fluid achieves a relativistic velocity
with γ ≫ 1, eq. A.1 for density and eq. A.2 for radial momentum directly imply
that up to O(γ−1), we respectively have r2ργ = constant and r2hγ2 = constant.
These statements are true regardless of equation of state (EOS). With some extra
work and by limiting ourselves to an ultra-relativistic EOS (where p = e/3) when
manipulating the energy equation A.4, it can be shown that additionally, r2e3/4γ =
constant. These scalings imply two phases of evolution. Initially, acceleration will
take place with γ ∝ r during a radiation-dominated phase where h ≈ 4p, as inter-
nal energy is rapidly converted into kinetic energy (i.e. an explosion). Density and
pressure follow ρ ∝ r−3 and p ∝ r−4, respectively. This stage is followed by one of
coasting, where the (now cooled and matter-dominated) ejecta moves ballistically
as long as the balance between energy within original ejecta material and within
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swept-up external material tilts towards the former. For a fireball of energy E and
baryon loading mass M , the Lorentz factor at this point is given by η = E/(Mc2),
expressing that all energy is now kinetic. From the same scalings, we would infer
γ = constant, ρ ∝ r−2, p ∝ r−8/3. There is admittedly a little sleight of hand in
this reasoning when applied to the second stage, since the ultra-relativistic EOS
presumably no longer strictly applies. Nevertheless, γ = constant and ρ ∝ r−2 hold
true regardless of EOS.
If spreading due to velocity stratification has not yet taken place for the original
ejecta, the ejecta shell will remain equal in size to its original fireball radius R0 and
have a width ∆Rej ∼ R/γ ∼ R0, due to Lorentz contraction. Otherwise, the width
follows ∆Rej ∝ R/γ2.
2.2. Evolution of an expanding shell
In order to understand the subsequent global evolution of the fireball, a change
of tactical gears is in order. The frozen pulse approximation will at some point
start to break down due to velocity stratification within the pulse, the emergence
of a shock profile and increasing dynamical role of swept-up external matter. Let
us first concentrate on the energy balance between ejecta and swept-up matter,
assuming homogeneous shells with a shared fluid Lorentz factor γ, while ignoring
the forward-reverse shock system triggered at the contact discontinuity connecting
the two regions. There are various incarnations of fireball remnant models of varying
complexity in the literature that follow this approach (e.g. Refs. 55, 56, 57, 58,59,
60, 61, and more recently Refs. 62, 63, 64). Conservation of energy implies
E = Eej + Esw = (γ − 1)Mejc2 + τswVsw . (1)
Here, Eej is the ejecta energy (not counting rest mass), Mej the ejecta mass, τsw ≡
γ2h− p− γρc2 the energy density in the lab frame (comp. the LHS of eq. A.4) and
Vsw the volume of the swept-up material. At this point, we need to consider shock-
jump conditions and an EOS capable of covering the full range from relativistic to
non-relativistic fluid. For the latter, an exact solution for point-like particles does
exist65 but is cumbersome to use. An insightful approximation that we can use, is66
p/(ρc2) =
e/(ρc2)
3
2 + e/(ρc2)
1 + e/(ρc2)
, (2)
which has been used in numerical and theoretical studies and reviews (e.g. 67, 68,
69, 64, 63, 70). With the help of this EOS, the shock-jump conditions can be reduced
to simple form:63
ρ = 4γρext,
e = 4γ(γ − 1)ρextc2,
p =
4
3
(γ2 − 1)ρextc2,
Γ2 =
(
4γ2 − 1)2
8γ2 + 1
, (3)
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where Γ the shock Lorentz factor and ρext ≡ ρref (R/Rref)−k ≡ AR−k the cir-
cumburst medium density just ahead of the shock front at radius R, for a power
law density structure. If k = 0, the medium is homogeneous (e.g. the interstellar
medium, or ISM); if k = 2 the medium follows a stellar-wind profile. Note how rel-
ativistic shocks can have arbitrarily large density jumps ρ/ρext ∝ γ and shock-heat
gas to relativistic temperatures e/ρ ∝ γ. Assuming the shells to be homogeneous,
the width of the swept-up matter shell equals ∆Rsw = R/(4[3− k]γ2), in order to
account for all swept-up mass in shocked state. The energy balance equation can
be shown to be
E/c2 = (γ − 1)Mej + Msw
3
β2
(
4γ2 − 1) . (4)
If Mej ↓ 0, this equation implies an early-time ultra-relativistic flow characterized
by
γ = 385
√
3− k
(
Eiso
1053 erg
) 1
2
(
ρref
mp
)− 1
2
(
Rref
c× 106
)− k
2
(
t
106 s
) k−3
2
, (5)
with mp the proton mass and where the use of Eiso (“isotropic equivalent”) for the
energy anticipates that in reality the outflow is not spherical. Here and elsewhere,
baseline values are chosen with long GRBs in mind. Note also that t refers to time
in the burster frame. Since the relativistically expanding sphere nearly keeps up
with its emission, the corresponding arrival time (including redshift effect) is given
by
tobs/(1 + z) = t−Rµ/c = t/(4[4− k]γ2), (6)
for a signal leaving towards the observer from a surface point of the shell at an angle
µ ≡ cos θ (e.g. 0.14 s if µ = 1, for the baseline values used in eq. 5, an ISM-type
medium and t = 106 s). For a full fluid-profile solution,71 the scaling from eq. 5 is
recovered with a pre-factor of 914 in the ISM case, 665 in the wind case.
At very late times and low velocity (at least relative to light speed), the last of
the shock-jump equations eqs. 3 implies dR/dt ≡ cβFS = 4cβ/3, where βFS the
forward shock velocity in units of c. As a consequence, we can derive
R = CR(k)
(
Ej
1051 erg
) 1
5−k
(
ρref
mp
) −1
5−k
(
Rref
c× 106
) −k
5−k
(
t
108
) 2
5−k
, (7)
with Ej the total energy in the ejecta. For spherical ejecta, Ej = Eiso. For narrow
bi-polar jets, Ej ≈ Eisoθ20/2. For the pre-factor we have
CR(k) =
(
3(3− k)(5− k)21067
4πmp16[c× 106]k
) 1
5−k 1
parsec
=
{
0.47 parsec, k = 0,
3.12 parsec, k = 2.
(8)
For a full fluid-profile solution,72, 73 the scaling from eq. 7 is recovered with a pre-
factor of 0.53 parsec in the ISM case, 5.61 parsec in the wind case.
Based on these considerations, the general trajectory of the fireball can be plot-
ted and Fig. 2 shows some examples. Numerical and theoretical modeling, and
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years of prompt and afterglow observations of long and short GRBs have estab-
lished a broad range of likely values for the parameters of the fireball. For long
GRBs, typically32, 34, 74–79 Eiso ∼ 1051−53 erg, η ∼ 100− 1000, and θ0 ∼ 6◦, leading
to Ej ∼ 1051 erg and Mej ∼ 10−4M⊙. The initial radius for the fireball can be
taken to lie around R0 ∼ 1010 cm.54, 80 In the case of an ISM-type environment, we
expect proton number density next ∼ 1 cm−3. If the environment is shaped by a
stellar wind, most likely from a Wolf-Rayet star, we expect nref = 30 cm
−3 around
reference distance Rref = 10
17 cm.28, 81
For short GRBs, typically82–85 Eiso ∼ 1051 erg, Mej ∼ 10−5M⊙, θ0 ∼ 10◦-20◦.
These values are however far less certain than those for long GRBs, due to the
small size of the short GRB sample for which these could be determined. There
is considerable dispersion in the energy distribution, and only few jet break detec-
tions have been claimed. Initial outflow Lorentz factor η is not well constrained for
the sGRB sample. A more dilute homogeneous environment is expected, with next
between 10−1 to 10−5 cm−3, since short GRBs are often detected at a substantial
offset relative to their host galaxies (1-64 kpc, Ref.86).
As we will discuss in more detail below, for both long and short GRBs there
might be a second component accompanying the relativistic flow in the form of a
cocoon of shocked matter that initially enveloped the jet. These are expected to be
less relativistic, with η ∼ 5, but to contain an amount of energy comparable to that
in the jet.
2.3. Recent developments and expanding shell models
The basic trans-relativistic single shell model has been continuously updated even
in recent years,62–64, 70 and has been expanded to also include spreading jet dy-
namics87, 88 (discussed in more detail in section 6). The description provided above
already incorporates recent tweaks such as the trans-relativistic EOS and a proper
accounting for the pressure term, where early shell models did not fully account for
the energy and initially did not get the non-relativistic stage with the right temporal
slope.57
One development of note has been spurred by observations in particular by the
Fermi/Large Area Telescope (LAT89) over the last decade, which have revealed
long durations, power law decays and delayed onsets for radiation above 0.1 GeV
relative to the keV-MeV range.90 These aspects are suggestive of forward shock
emission, in particular when strong radiative losses for the blast wave are accounted
for.91–94 Fireball shell models have been developed64 to include the conditions for
radiative blast waves (i.e. a medium enriched by electron-positron pairs95, 96 and
potentially pre-accelerated by the prompt emission97). Shell models have also been
linked to increasingly sophisticated treatments of the radiative processes and the
emitting particle population,98, 99 not unlike detailed approaches to the modeling of
blazars,100 but an in-depth discussion of emission mechanisms is outside the scope
of this review.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 9
100 101 102 103 104 105 106 107 108 109
Time t (s)
10-1
100
101
102
Fo
u
r-
v
e
lo
ci
ty
 γ
β
jet, burster frame
jet, observer frame
cocoon, burster frame
cocoon, observer frame
Fig. 2. Basic fireball dynamics in two reference frames. Red and blue curves show evolution of
standard long GRB fireball (Eiso = 1.8 × 10
51 erg, Mej = 10
−5Msun, η = 100), black and green
curves show fireball evolution when using parameters more typical to cocoon ejecta (Eiso = 10
51
erg, Mej = 1.1 × 10
−4Msun, η = 5). Solid curves are in the burster frame (i.e, the ”lab” frame),
dashed curves are in the observer frame, accounting for compression of the signal due to relativistic
motion of the shell.
3. Self-similar blast waves and scale-invariance
3.1. Early time self-similarity
In spite of the collimated nature of GRB jets, assuming that the outflow proceeds
along radial lines is a good starting assumption at both early and late times. Once
emerged, the jet moves ultra-relativistically and there is no causal contact across
the opening angle of the jet. If there is an edge to the jet, or a significant deviation
from spherical symmetry within the launch cone, it will not have impacted the
inner parts of the flow. We are therefore justified in assuming spherical symmetry
within an initial cone, or separately for flow lines. Coupled to the assumption of
ultra-relativistic jet velocity (and corresponding ∆R ∼ R/Γ2, see section 2.2), a
self-similar solution for relativistic outflow dynamics can be obtained for a sudden
deposition of energy in a power-law medium (and for ongoing source luminosity, to
be discussed later in section 5.3).
As stated previously, if we take Mej ≪ Msw and γ ≫ 1 in eq. 4, we find the
power-law time dependence for γ from eq. 5, i.e. γ2 ∝ γ−m, where m ≡ 3− k. This
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allows us to formulate the self-similar Blandford-McKee (BM) solution,71 obeying
p =
2
3
ρextc
2Γ2χ−(17−4k)/(12−3k),
γ2 =
1
2
Γ2χ−1,
ρ′ = 2ρextΓ
2χ−(7−2k)/(4−k),
R = ct
(
1− 1
2(4− k)Γ2
)
,
E =
8πρrefR
k
refc
5−kΓ2t3−k
17− 4k ,
χ = [1 + 2(4− k)Γ2](1− r/[ct]). (9)
In these equations, χ is the self-similarity variable replacing r and t, and ρ′ = γρ is
expressed in the lab frame. The difference between the energy equation above and
eq. 4 is because the latter assumes a homogeneous shell profile.
3.2. Late time self-similarity
At very late times, where β ≪ 1, the outflow will have become quasi-spherical even if
initially collimated. At this point a spherical self-similar solution is again available.
This Sedov-Taylor (ST) solution72, 73 can be shown to reduce to extremely simple
form in the case of a wind-type medium:70
ρ′ = ρ = 4
( r
R
)
ρext, v =
r
2t
, p =
ρextr
3
3Rt2
, R =
(
12π
50
)1/3(
Et2
ρrefRkref
)1/3
,
(10)
where r/R ≡ ξ plays the role of the self-similarity variable, and where we have used
an ideal gas with polytropic index γˆ = 5/3 instead of the γˆ = 4/3 appropriate for
the BM solution.
For general values of k, the ST solution can be obtained as well, and defined to
be:70
v ≡ 2
5− k
r
t
V (ξ), ρ = ρextG(ξ), c
2
s ≡
4r2Z(ξ)
(5− k)2t2 , R = βˆ
(
Et2
ρrefRkref
)1/(5−k)
,
(11)
Here cs is the speed of sound. We defer the definitions of pre-factor βˆ and self-
similar functions V , G and Z to Appendix B. Note how the fluid equations from
9 and 11 contain limiting cases for the shock jump conditions eq. 3 as their basic
building blocks, which for the self-similar functions yield V (1) = 3/4, G(1) = 4,
Z(1) = 5/16.
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3.3. Recent developments: utilising intermediate scale-invariance
Although for the ultra-relativistic and Newtonian flow velocity limits we have the
BM and ST solutions respectively, we do not have a full analytical description of the
intermediate stages that takes into account βγ ∼ 1 and sideways spreading of the
jet. This stage is studied typically by doing fluid dynamical simulations.67, 87, 101–106
On the other hand, it is a basic fact about physics equations for any system
that they are by construction invariant under a change in units and the equations
of hydrodynamics are no different. An implication is that different values for the
initial conditions of a system can be mapped onto each other where these mappings
are also equivalent to a change in units. In the case of our initially relativistic
blast waves, the point explosion only has parameters Eiso, ρext and θ0, and initial
conditions for energy and density can be folded into the hydrodynamics equations
A.1 - A.4. Using dimensional analysis, we can limit ourselves to four variables (or
trivial combinations thereof) describing the flow:107–109
A ≡ r
ct
, B ≡ Eisot
2
Ar5−k
, θ, θ0, (12)
that are scale-invariant under the transformations
Eiso = κEiso, A
′ = λA, r′ = (κ/λ)1/(3−k)r, t′ = (κ/λ)1/(3−k)t. (13)
Scale-invariant versions of the fluid equations are discussed in Appendix A.
Therefore, a series of high-resolution multi-dimensional RHD simulations cover-
ing the range of angles θ0 only needs to be done for single baseline values of Eiso
and A. The full outcome of the simulation can subsequently be rescaled to fully
cover all possible initial conditions. When a sufficiently fast procedure is in place
to translate jet dynamical simulations into light curve predictions (i.e. an efficient
post-hoc linear radiative transfer computation for synchrotron emission from the
blast wave, under the assumption that there is no feedback from the radiation onto
the dynamics), we now have a tool to connect massive parallel RHD simulations
directly to observations.107, 110–112 A Monte Carlo approach to minimization of the
difference between synthetic light curve and observational data points typically re-
quires tens of thousands or more samplings from parameter space, so even the time
needed by a highly efficient radiative transfer module68, 113 adds up significantly.
The situation gets better when the power-law nature of the afterglow synchrotron
spectrum is accounted for. For power laws, the scale invariance carries through to
the level of flux predictions, allowing one to bypass the need for repeated radiative
transfer computations (as first demonstrated in Ref. 108; some additional examples
were subsequently provided by Ref. 114). When applied to data, the computer-
generated afterglow light curve templates allow for an estimate of the orientation
of the jet relative to the observer.115, 116
The self-similarity exhibited by the BM solution for the blast wave in the ultra-
relativistic stage, as well as the self-similarity of the non-relativistic stage from
the ST solution, can be understood as arising when the number of variables of
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our model is further reduced by taking dynamical limits. In particular, in the ultra-
relativistic case the flow is approximately radial (so no θ and θ0), and, as we already
learned from the basic fireball shell model, the fluid is confined to an ultra-thin slice
∆R ∼ R/γ2 moving at nearly the speed of light. Roughly speaking, the latter implies
A → 1, at which point the only variable left to us is B. If the fluid state is a function
of one variable only, rather than of r, t, it is self-similar by definition (note that this
argument from dimensional analysis demonstrates a sufficient, but not necessary
condition for self-similarity). Instead of A and B, the BM solution actually uses
8πAk−5
(17− 4k)B = Γ
−2 → 0, χ ≡ (1 + 2(4− k)Γ2)(1−A), (14)
where Γ the Lorentz factor of the shock front and in practice truncating to order
O(Γ−2). The first of these equations is identical to eq. 5 up to a constant of propor-
tionality that is dictated by the actual distribution of matter throughout the blast
wave, and after replacing downstream γ in eq. 5 by shock Lorentz factor Γ.
For non-relativistic flow, a similar argument holds. Angle dependency once again
drops out of the equations. Replacing isotropic equivalent energy with the actual jet
energy content (and noting that, for finite opening angle θ0 this implies that the BM
solution for given energy connects to a continuum of possible ST solutions), we now
have A → 0 because the blast wave can no longer keep up with a sphere expanding
at light speed. In the ST solution, the remaining self-similarity parameter is simply
ξ ∝ B1/(k−5). Indeed, without having to account for speed of light c, equation 7
follows directly from dimensional analysis, again up to a constant of proportionality
dictated by the fluid profile.
4. Jet launching and breakout
The exact nature of the inner engine for GRBs remains a topic of active research. For
long GRBs, the first numerical study demonstrating the plausibility of the birth of
a collimated relativistic jet was Ref. 117; for short GRBs, a seminal paper is Ref. 82.
Typically, jet models rely on neutrino driven winds117 or make use of a magnetic
mechanism to extract spin energy from a black hole.118–120 Both mechanisms might
be comparable in their contribution to the jet launching and energy extraction from
the progenitor system.121 For the purpose of modeling afterglow jets, the key point
is the brief release of a massive amount of directed energy at small radius (the R0
of the fireball).
4.1. Burrowing through the envelope or dense environment
Both in the cases of long and short GRBs, it is reasonable to expect an initial
stage where the jet needs to burrow its way through a dense environment. Indirect
observational evidence for this can be found in the duration distribution of long
GRBs.122 For long GRBs, numerical studies explicitly linking the GRB jet to a
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massive stellar envelope date back to Refs. 117, 123. Relativistic jets can be nu-
merically shown to demonstrate similar morphological features to non-relativistic
jets.124 For GRBs propagating into a dense environment, the key features are the
jet head, beam and cocoon, and these have been studied extensively both theoreti-
cally and numerically (e.g.125–140). These studies typically concentrate on the case
of long GRBs. For short GRBs, the notion of a dense environment leading to an
initial burrowing stage with similar cocoon-jet morphology is more recent (e.g. 141,
142). The existence of a dense cloud is not a given in short GRB scenarios. It is not
expected for BH-NS mergers, and would require a substantial amount of dynamical
mass ejection in the case of NS-NS mergers,143 or a neutrino-driven wind.144
At the front of the jet is the head, where jet material impacts the stellar envelope.
The head velocity is set by the ram pressure balance within the head between jet
and ambient material,125, 145 with
ρjhj (γj,hβj,h)
2
c2 + pj = ρaha (γhβh)
2
c2 + pa, (15)
where subscript j indicates the jet, h the head, the j, h combination jet velocity
in the head frame and a the ambient medium (following eq. A.2). While the jet
is highly relativistic, this is not necessarily the case for the motion of the head.
Since the dense head is overpressurized relative to its environment, this will lead
to a sideways flow of matter and a pressured cocoon around the jet. If the cocoon
pressure is high enough, it will in turn recollimate the jet, rendering its geometry
closer to cylindrical even when launched in a conical fashion. The material in front
of the jet has been argued to lead to certain observational signatures, including
triggering prompt precursors146 and contributing to an early-time afterglow plateau
stage in the light curve.136
The cocoon has been a staple of jet systems since people have begun consider-
ing astrophysical jet propagation. Consisting of shocked ambient material that is
moving outwards alongside the jet, albeit at lower velocity, it has been argued to be
responsible in part for the afterglow emission.147 Following emergence, jets and co-
coons can be viewed to form a multi-component jet, and multiple components have
often been invoked to explain afterglow features such as plateaus and rebrighten-
ings (see e.g.148, 149). The different mass and velocity of the cocoon imply different
observational behaviour from the jet, such as a later onset of deceleration in the
observer frame (see e.g. Fig. 2). Because it has a wider opening angle than the jet
by default, cocoon emission is an attractive candidate for observational predictions
for transient searches (LSST, ZTF, ULTRASAT, ISS-Lobster, and others) that take
measurements independent of prompt emission triggers such as those provided by
Swift and Fermi.
The evolution of the jet during the burrowing phase will dictate the conditions
under which it emerges (e.g.150). In particular its opening angle and angular struc-
ture are expected to have a long-lasting impact on subsequent jet evolution.151, 152 If
the jet is recollimated during burrowing, the emergent jet geometry might be closer
to cylindrical, which will have an impact on subsequent spreading behaviour.153
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
14 Hendrik van Eerten
Numerical studies132, 154 predict an increasing opening angle during emergence and
an inhomogeneous angular structure.155 Emergent jet angular profiles can be trans-
lated into observational predictions using general analytic approximations to struc-
tured jets.156–161 This would represent a departure from a ‘top-hat’ structure, where
the energy is distributed evenly over the jet opening angle. So far, most numerical
long-term afterglow blast wave simulations following the jet until its non-relativistic
stage have used a top-hat profile as initial conditions,67, 87, 104–106 allowing for an-
gular structure to develop from a lateral forward-reverse shock system. A simplified
semi-analytical model of a structured jet158, 162 would for example have its energy
per solid angle ε ∝ (θ/θc)−2, outside of a narrow homogeneous core θc (a universal
structured jet, which has been proposed as an alternative to a varying jet opening
angle between bursts, in order to explain the variety of GRB observations). Alter-
natively, the angular profile can be Gaussian, with energy dropping off according
to ε ∝ exp (−θ2/2θ2c).
Complications in the immediate density environment of the jet (e.g. due to bi-
nary interaction or supernova shells) might further complicate the conditions under
which the jet emerges, and in some case choke the ‘regular’ synchrotron afterglow
emission, giving rise to afterglows with a pronounced blackbody emission signa-
ture.163, 164
Even if the energy was provided to the jet (and/or cocoon) on a timescale shorter
than the burrowing phase duration, the outflow will emergence with a radial profile
that can have a long-lasting impact on its subsequent dynamics. Specifically, a
velocity stratification might have occurred throughout the ejecta. Slower moving
shells that end up initially out of causal contact with the front of the blast wave,
will catch up once the front begins to decelerate into the surrounding medium. If
they carry enough energy, this provides a form of ongoing energy injection into the
system, which we discuss in more detail in section 5.3.
4.2. Recent developments
4.2.1. Magnetic fields
Magnetic field models have always played an important part in our understanding
of GRBs.165–169 Recent years have seen significant progress both computationally
and observationally on this front. Detailed simulations of magnetized jet launching
have become feasible,170, 171 and magnetism might provide an important early time
mechanism for the further acceleration of ejecta.172 Thanks to the establishment of
rapid follow-up capabilities at a wide range of frequencies,24, 173–176 observers have
been able to catch emission from the ejecta itself, rather than from swept-up material
(i.e. before Mej ≪Msw, see eq. 4). Modeling of early-time light curves has implied
higher magnetization in the ejecta than in the forward shock.177–180 A more direct
indication of magnetization of the ejecta is provided by robust recent detections of
polarization.181–184 High values of optical polarization indicate the presence of large-
scale ordered magnetic fields originating from the central engine. By the time of jet
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emergence, magnetic fields are expected to no longer be dynamically driving the
system,185 although a high level of magnetization can weaken the reverse shock.186
4.2.2. Three dimensional simulations
As one would expect, the introduction of an extra dimension in simulations has
an important impact on the dynamics. Recent studies138, 187, 188 have explored this
complication. One implication of three-dimensional studies is that the plug of heavy
ejecta material on top of the jet head is likely disrupted, implying that less material
is deflected by the plug into the cocoon and that the impact of front-loaded material
on the afterglow light curve might be smaller than previously argued.136, 146
5. The early ultra-relativistic jet
5.1. The picture since Swift
Fig. 3. An overview of the various issues raised by GRB afterglow observations from 2004+, in
particular those by Swift XRT.
Since the launch of Swift, a complex picture of X-ray and optical afterglows has
emerged. To some extent, this picture can be described in terms of a canonical long
GRB afterglow light curve189–191 (see also Fig. 3, expanded from an illustration
in Ref. 192), although analysis of the Swift XRT sample shows that ‘canonical’
should be taken with a grain of salt193, 194 and that the measured temporal slopes
of the light curves span a wide range. After an initial flaring behaviour presumably
connected to the prompt emission, the light curve drops steeply until it reaches
a plateau value. The light curve then maintains this value for longer than was
theoretically anticipated. As shown in Fig. 2, the reverse shock crossing of the ejecta
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and the onset of deceleration were anticipated to complete around 101−2 s, rather
than 104−5 s. If anything, these timescales bring to mind the cocoon dynamics more
than jet fireball dynamics (also shown in Fig. 2). But this is not to say that the
plateau is necessarily linked to a cocoon. An alternative explanation is that energy is
injected into the fireball for an extended period of time, which allows it to maintain
a larger Lorentz factor. Swift also sees several flares, even at late times, as well
as fewer jet breaks than expected. We postpone a discussion of jet dynamics until
section 6, and first discuss some jet dynamical features that might have a bearing
on the emerged picture from Swift.
5.2. The forward-reverse shock system
In section 2, we reviewed simplified descriptions of the evolution of massive ejecta,
merely mentioning the forward-reverse shock system (FS-RS system) that arises at
the contact discontinuity (CD) between ejecta and swept-up matter. The RS heats
up the ejecta, slows it down and communicates to it the existence of a shock front.
The FS sweeps up ambient density and becomes the main blast wave during later
stages of afterglow evolution. The RS is not necessarily relativistic in the frame
of the ejecta, and two dynamics regimes can be identified across the relativistic /
non-relativistic divide,54, 195, 196 as well as a series of characteristic radii (neglecting
for the sake of simplicity the potential role played by internal shocks that are likely
to play a role in generating the prompt emission and can have their own effect on
fireball evolution as well197, 198). If we apply the shock-jump conditions eqs. 3 and
consider the shell width and basic fireball stages, we find the following critical radii
in the case of a homogeneous external medium:
R0 The initial size of the fireball.
RL The coasting radius at which all internal energy is converted to kinetic
energy, ηR0.
Rs The spreading radius, where the frozen pulse approximation breaks down
(and internal collisions occur), η2R0. The ejecta width transits from ∆Rej ∝
R0/γ to ∆Rej ∝ R/γ2.
R∆ The radius where the RS crosses the ejecta if it has become relativistic,
l
3/4
S (∆Rej)
1/4, introducing Sedov length lS ≡
(
E/[ρ0c
2]
)1/3
.
Rγ The radius where Msw = Mej/η, and where the RS is still Newtonian,
lSη
−2/3.
RN The transition radius between a Newtonian and relativistic RS,
l
3/2
S (∆Rej)
−1/2η−2.
These radii do not necessarily occur in the same order, and can be related according
to
Q2Rs =
√
QR∆ = Rγ = RN/Q, Q =
(
lS
∆Rej
) 1
2
η−
4
3 . (16)
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This leads to a key distinction with observational implications. In the case of thin
shells,195 the width ∆Rej is such that Q > 1, and Rs comes first, while RN comes
last. The RS does not become relativistic during shell crossing. Particle accelera-
tion across the RS might not be as pronounced as in the FS region, but the RS
can still be responsible for the afterglow emission, in particular if FS emission is
suppressed.199–201 In the observer frame, the crossing time Tobs can be found to be
approximated by202
Tobs
(1 + z)
= c−1
(
9(3− k)Eiso
14ρrefRkref c
244−kη2(4−k)
)1/(3−k)
, (17)
valid for arbitrary medium density profile. For a standard long GRB (see section
2.2, using η = 100 and z = 2.5, the peak redshift for the long GRB distribution203),
we obtain Tobs = 430 s in an ISM medium and 100 s in the standard wind case. For
short GRBs (using z = 0.5 for redshift,16 η = 50, next = 10
−3 cm−3), we obtain
Tobs = 2.5× 103 s, which is actually larger204 than the plateau durations for short
GRBs 120521A and 090515, and comparable to205 GRB 150424A.
If the RS does manage to become relativistic before crossing, which happens
when Q < 1, we have a thick shell instead. The RS region becomes a site of after-
glow emission that might even dominate the light curve.179, 206 Again it helps if the
FS emission is suppressed, for example by a low magnetic field. It is actually not
implausible that the magnetic field strength in the FS and RS regions might differ
wildly. The RS consisting of ejecta material might still carry a residual magneti-
zation from the launching process,134, 185 while the FS might not have been very
successful in amplifying the seed magnetic field in the ambient medium.207 There
are other methods for prolonged injection of energy beyond a having a thick massive
ejecta that feeds its kinetic energy to the FS-RS system over an extended period
of time. A long-lasting ultra-relativistic wind of mostly radiation would achieve the
same effect and lead to a relativistic RS as well.71, 179 This scenario is expected in
the case where a magnetar is formed instead of a black hole, and energy is provided
at nearly constant rate to the shock front by magnetar energy loss through spin-
down.165, 208–210 As long as significant energy injection is ongoing, deceleration of
the blast wave is delayed or at least diminished. The equivalent to the crossing time
for thin shells is now set by the duration of energy injection. Although observer
frame dtobs ∝ dt/γ2, this time compression is cancelled by the time needed for
emission from the engine to catch up with the RS. Therefore the observed duration
of injection directly shows the actual engine activity time during which it formed
the massive shell or ultra-relativistic wind.211 An exception to this would be a long-
lived RS due to a drawn-out arrival at the RS of shells with diminishing Lorentz
factor, that still could have been submitted at approximately the same time. In this
case, the RS is not expected to become strongly relativistic.201, 212
Note that the thick/thin terminology can be counter-intuitive, since this desig-
nation depends on η as well. The cocoon, for example, is more likely to qualify as
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a thin shell, rather than a thick shell, mostly due to its modest Lorentz factor.149
Finally, let us mention a feature of the FS-RS system that will have potential
observational consequences. It can be shown that the CD is Rayleigh-Taylor unsta-
ble.213, 214 This instability can give rise to magnetic fields, serve as a potential site
for particle acceleration and cool the jet.215, 216
5.3. Persistent injection of energy
The plateau stage of afterglows can be attributed to injection of energy61, 217 as
well as the deceleration of a slower moving component (e.g. a two-component
jet,147, 148, 218–220 with maybe the cocoon being one of the components). This in-
jection can take on all sorts of forms, including long-term source luminosity,189, 190
conversion of Poynting flux from the ejecta165–167 or late time shells catching
up.201, 221–223 Alternative explanations not including jet dynamics are changing mi-
crophysics of the emission219, 224, 225 or viewing angle effects.226
An attractive candidate to provide long-term injection of energy is a magnetar,
which would add energy into the system when shedding its rotational energy fol-
lowing its formation in the event that triggers the GRB.165, 208–210 The mechanics
of energy-injecting systems and/or FS-CD-RS systems have been studied in some
depth, and in these cases too, self-similarity can often be applied to blast wave dy-
namics.71, 179, 227–231 These solutions have to account for the region between CD and
RS as well as the FS region. A complication for self-similar solutions is that the RS
is not necessarily relativistic, even in the case of long-term energy injection, which
implies trans-relativistic shock-jump conditions and a more complicated EOS. In
the relativistic case, the RS and CD can be found at fixed values for self-similar
variable χ, as expected.71
Dominant emission from the RS region can be invoked to explain plateaus, in
particular cases where the plateau is followed by a sudden drop in flux179, 204, 232–236
(rather than, or prior to, a light curve steepening). For if the RS emission component
were absent, and plateaus are a product of ongoing delivery of energy through
the FS, this energy is still there even after cessation of energy injection. Coupled
with the delayed arrival times of off-axis shock front emission even when emitted
simultaneously, this makes it difficult to devise a sudden-drop scenario based on the
FS.
The sample of early time observations covering the early stage is growing
steadily. In addition to a large X-ray sample of plateau emission and/or obser-
vations that can plausibly be argued to cover emission from the original ejecta, we
also have multiple early time radio observations of RS emission.180, 217, 237 Both the
X-ray and optical plateaus show an interesting correlation between plateau (or early
stage) end time T and luminosity L. For the X-ray band, we have238–242
LX(T ) ∝ T−(1.07
+0.20
−0.09
), (18)
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while in the optical:243, 244
LO(T ) ∝ T−0.78±0.08, (19)
using the error bars from the larger sample presented in Ref. 244. When present,
X-ray plateaus and any early optical phases last roughly similarly long.244 While
the larger error bars from Ref.243 would render the two correlation slopes consistent
(which might thus indeed be the case), eqs. 18 and 19 might actually indicate two
distinct correlations. Distinct correlations actually emerge naturally149, 206 in case
X-rays and optical observations probe different spectral regimes of the synchrotron
spectrum of thick shell models as defined in section 5.2 (with the synchrotron cooling
break typically occurring in between the bands245). For thin shell models, it becomes
very difficult to account for both correlations,149 even when allowing for internal
cross-correlations between model physics parameters (e.g. total energy and energy
injection duration). Thin shells also have the issue that the plateau end time is
connected to a deceleration timescale. That would imply a correlation between T
and blast wave energy Eiso, which in turn has been found
33, 246 to be correlated
with the GRB energy release in gamma rays Eγ,iso. No correlation between T and
Eγ,iso has been found.
242 Explanations of correlations between plateau end times
and flux based on magnetar output,204, 247 have instead focused on total luminosity
from magnetar spin-down, and haven taken the correlations to indicate L ∝ T−1.
5.4. The initial Lorentz factors
The observationally inferred initial Lorentz factors η for afterglow blast waves can
be enormously high (100-1000, see e.g. Ref. 77) and are a defining aspect of the
uniqueness of GRBs among astrophysical phenomena. The Lorentz factor can be
determined by various means by studying prompt emission and early afterglow.
High-energy (GeV) photons detected during the prompt emission provide a lower
limit on the Lorentz factor, which has to be substantial in order to solve the ’com-
pactness problem’57 that occurs if the optical depth of the fireball is too large and
high-energy photons are annihilated pair-wise into e±-pairs or scattered off existing
e±. These limits can already be several hundreds,248–250 although a careful analy-
sis accounting for the possibility that GeV photons are emitted at larger radii than
MeV photons (e.g. by a forward shock and internal shocks, respectively), does bring
down the lower limit substantially (as much as a factor of five251).
Under the assumption that the prompt emission contains a thermal component,
actual values can be obtained.252, 253 The dependence on a specific emission model
for the prompt phase makes this approach less general than the photon optical
depth approach. On the other hand, evidence is accumulating that at least partial
thermalization is common to many,254–256 perhaps nearly all,257, 258 bursts. In any
case, the values obtained by Ref. 252 for a number of bursts again lie in the range
300-400.
Yet a third conceptually different method to obtain initial blast wave Lorentz
factors employs the deceleration radius of the blast wave,259–263 which amounts to
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solving for η in eq. 17. This method is dependent on blast wave energy and circum-
burst medium density (every characteristic time tchar ∝ (Eiso/nref)1/(3−k), whether
deceleration time, jet break time, off-axis emission peak time, non-relativistic tran-
sition time etc., as a simple consequence of scale invariance). This approach is not
without caveats: the assumption of a thin shell might not be valid, and a sudden
transition time in the light curve (due to e.g. the passage of the synchrotron peak
through the optical band) might be misidentified as deceleration time. More re-
cently, the pair loading radius (mentioned briefly in section 2.3), has also been used
to constrain the Lorentz factor via observations of GeV flashes.264 The high-energy
band has also been used to constrain the Lorentz factor from the peak time of the
forward shock in this band.265, 266
Ultimately, the different methods yield consistent results, placing initial long
GRB Lorentz factors at several hundreds (the > 1000 estimates might be over-
estimates due to the use of a one-zone approach to the pair-opacity calculation).
Short GRB Lorentz factors are poorly constrained in general, but very high values
have been inferred here as well.267, 268 Low Lorentz factor short GRBs tend to also
have low prompt emission peak energies, and thus are not inconsistent with the
pair-opacity constraint.83
5.5. Ultra-long gamma-ray bursts
The proposed existence of a separate class of ultra-long GRBs269–273 raises points
very similar to energy injection211 and plateaus, assuming these do not constitute
the tail end of the distribution of regular GRB durations,274 and for those cases that
are not misidentified tidal disruption events.275 If these are not due to a particularly
dilute environment,270 then again some extended release of energy must be taking
place, and once again, a connection to a magnetar scenario is pointed at in at least
some cases (e.g. via the counterpart supernova properties276).
5.6. Flares
Flares have been revealed as a common feature of X-ray afterglows by Swift .277–283
While interaction between the FS and external medium may lead to sudden transi-
tions in the shock conditions (and thus emission),284–288 a flare-like observable from
this is not expected. The mixture of emission from different radii and angles that
is received at a given observer time ensures that the signal is too diluted in time
to have sudden impact on the light curve.289–292 This is true even for cases where
blast waves suddenly break out from a dense environment and a new high Lorentz
factor FS is launched ahead.291 On the other hand, if the post-flare light curve is
not required to return to its previous baseline, as is the case for some of the late
time re-brightenings rather than flares, in e.g. optical as well as X-rays, this might
well be explained by a late delivery of energy to the FS.293–295
Over time, flares become wider,282 and average flare luminosity declines.296 Later
flares tend to be softer as well, in the case of multiple flares. The relation between
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rise and fall times of flares, on the other hand, is similar to prompt GRB emis-
sion (fast rise, exponential decay). Theoretical modeling of flares therefore tends to
link flare behavior to the engine rather than external causes, or at least to internal
shocks.297–300 If the flares are a direct indication of late-term engine activity, avoid-
ing a black hole origin, an engine that is not expected to last long, is attractive (i.e.
magnetars, again301), but not strictly necessary.302–306 The issue of late-time engine
activity can also be avoided by linking the flares to the RS.307 For the purpose of
this review, flares seem to either indicate interesting outflow dynamical features
occurring deeper in the jet308 while leaving the FS untouched, or some different
emission from the engine altogether.
6. Dynamics of collimated relativistic outflows
The BM solution describes flow along radial lines. Due to the relativistic nature of
the flow, sound waves move slowly along the shock front as they are suppressed by
a factor γ in the lab frame.63, 309 It will take a non-negligible amount of time to
establish causal contact across angles and initially the inner parts of the jet flow
remain unaware of the existence of a jet edge. On the other hand, the relativistically
hot jet is pressured relative to the cold medium beyond its edges and will proceed
to expand sideways as a result. The familiar pattern (except now in the lateral
direction) of FS-CD-RS will be established between jet and medium.
Using the BM solution, it is possible to analytically compute exactly how long
it would take for the information about the existence of an edge in a conic wedge
to be propagated to the tip on the jet axis. For relativistic flow, the speed of sound
is capped at β′s = 1/
√
3 in the fluid rest frame, while the shock front Lorentz factor
is given by eq. 14. If we start a sound wave at the edge of the jet and follow its
evolution across the shock front (i.e. with radial component βs,r set by the shock
Lorentz factor and absolute velocity β′s in the fluid rest frame), we find an angular
velocity in the lab frame given by βs,θ = 1/2Γ. Integrating Rθ˙ = β
′
s,θ from a sound
wave starting at an arbitrary time tstart at θ = θ0 to θ = 0 yields
Γjb = [(3− k)θ0 + Γstart]−1 , (20)
for the shock Lorentz factor at which full causal contact is established and when all
parts of the outflow will start to participate in sideways expansion.63 Starting from
the BM solution, in principle Γstart ↑ ∞, or tstart ↓ 0.
The exact dynamics of a spreading relativistic jet cannot be solved analytically,
although various approximations are available, as well as self-similar solutions for
the limiting case of jets with θ0 ≪ 1 in addition to being ultra-relativistic.310, 311
Historically, approximate models of jet spreading have assumed a spherically curved
slab spreading as a whole while maintaining angular homogeneity.31, 309, 312 Even if
the whole blast wave starts spreading supersonically in its own rest frame immedi-
ately upon being launched, this will only become noticeable in the lab frameb once
bI use the terms lab frame and burster frame interchangeably.
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the amount of spreading ∆θ becomes comparable to θ0, leading to an onset time
for jet spreading of Γjb ∼ 1/θ0 (as with the sound wave mentioned above). How-
ever, once this point is passed, ultra-relativistic homogeneous shell models predict
a runaway effect. As the blast wave sweeps up more mass, its Lorentz factor drops
further. On the other hand, if the Lorentz factor drops, sideways spreading is less
suppressed when expressed in the lab frame and per unit lab frame time, leading
to a larger area sweeping up mass and further drop in Lorentz factor. The Lorentz
factor is predicted to proceed to drop exponentially with radius while the opening
angle increases exponentially, and the blast wave is expected to quickly turn into a
quasi-spherical non-relativistic strong explosion instead of a relativistic one.
Comparisons between simplified jet models and numerical RHD simulations of
spreading afterglow blast waves were confusing at first (see also the discussion in
Ref. 108). Such simulations have been computationally challenging to perform, since
they need to be initiated at Lorentz factors Γ ≫ θ−10 , in order to prevent tran-
sient numerical effects at the onset of the simulation from disrupting the spreading
behaviour around Γ ∼ θ−10 . They also had to resolve blast wave evolution cov-
ering many orders of magnitude in radius while the blast wave thickness obeys
∆R ∝ R/Γ2. For this reason, initial numerical studies (e.g. Ref. 103) had to limit
their resolution or had to resort to approximate treatment of the blast wave in
the radial dimension (see Ref. 102). Using specialized techniques such as adaptive-
mesh refinement (AMR), later attempts got closer to numerical convergence to
the predicted pre-spreading deceleration slope of Γ ∝ t−(3−k)/2 from the BM so-
lution67, 87, 104–106 (see also eq. 5). As it turned out, achieving actual convergence
additionally required that the simulation be done in a Lorentz-boosted reference
frame moving with fixed velocity along the jet axis, such that the relative blast
wave Lorentz factors (and corresponding Lorentz-contraction of the shell) became
manageable109 (see Fig. 4, and Refs. 313 and 109 for further discussion).
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Fig. 4. Resolution issues in GRB afterglow simulations, illustrated for two-dimensional jet sim-
ulations performed in a lab frame (blue dashed curve) and a boosted frame (red) curve. Left and
right grey power law slopes represent respectively the BM and ST solutions for a homogeneous
medium.
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What these simulations showed was a spreading behaviour closer to logarithmic
than to exponential. For non-relativistic jets, this would not have been unexpected.
If the jet were to spread with the speed of sound cs, given by
R
dθj
dt
= cs =
R√
20t
(21)
for the ST solution with adiabatic index 5/3, and to begin spreading at a time
t = tNR, it would follow directly that
θj = θ0 +
1√
20
ln
t
tNR
, (22)
until spherical symmetry is achieved.104 The first high-resolution afterglow blast
wave simulations attempting to emulate the BM solution during start-up (note
that Ref. 103 start from a fast-moving spherical blob, a set-up that is more akin
to Ref. 314 than to the BM solution), assumed a relatively wide opening angle
of 0.2 rad67, 104 and initial shock Lorentz factor Γstart =
√
2 × 20. Note that this
initial Lorentz factor has no physical interpretation -it is not the coasting Lorentz
factor of massive ejecta or a pre-deceleration factor, but rather an arbitrary starting
point along the BM solution asymptote. If we take Γjb ∼ 1/θ0 to mark the onset of
spreading, this would indicate Γjb ∼ 5 for the spreading jet, which already does not
leave all that much room between the onset of spreading and the full establishment
of a relativistic drop in Lorentz factor before the non-relativistic stage. Furthermore,
requiring full causal contact such that the jet can spread and respond as a whole,
requires the additional (3− k) factor from our consideration of sound waves above,
bringing Γjb down to 1.7 and the downstream peak Lorentz factor to 1.2, at which
point the jet is hardly relativistic. Even for a narrow jet with θ0 = 0.05 rad, Γjb is
already down to Γjb ≈ 6.7 in principle and 5.4 in practice, for a simulation starting
with Γstart =
√
2× 20. Add to this the numerical drop in shock Lorentz factor due
to numerical resolution constraints (as shown in Fig. 4), for the first round of jet
simulations67, 87, 104, 106, 107 and the outcome becomes ambiguous. Nevertheless, the
quick segue into a (trans-)relativistic regime of expansion is realc and has informed
approximate analytic expansion models that aim to cover the full dynamic range
between relativistic and non-relativistic flow87, 88, 104, 108 and a spreading behavior
that lies closer to logarithmic.
6.1. Observational consequences of jetted outflow
GRBs are cosmologically distant and cannot be resolved spatially, barring extremely
rare exceptions.315, 316 Observationally, evidence for jets is therefore indirect and
mainly linked to the imprint of the jet break on the light curve. This jet break
marks the point when the jet nature of the flow becomes apparent to a distant ob-
server.309, 312, 317 Emission from a relativistically moving source is strongly beamed
cAlso, using the techniques from Ref. 109, jets with θ0 ≪ 0.05 rad can actually be shown to exhibit
a clear stage of exponential expansion.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
24 Hendrik van Eerten
in the direction of motion of that source and effectively confined to an angle
∆θ ∼ γ−1. In the case of afterglow blast waves, the emission is thought to be
synchrotron emission from a non-thermal population of shock-accelerated electrons
interacting with a locally generated small-scale magnetic field. Under the simplified
modelling assumption of no preferred electron direction of motion and no preferred
magnetic field orientation, this radiation is isotropic in the co-moving frame of the
fluid containing the electrons. To us, however, only a patch of size ∆θ on the surface
of the emitting blast wave is visible, growing as long as γ declines, and if there is
no obvious change in angular structure of the jet we will have, at first, no idea that
we are not seeing part of a spherical outflow.
At the jet break the jet nature makes itself known. Ignoring jet spreading for the
moment, on the one hand, there will be a point where the visible patch ∆θ ∼ θ0 ⇒
γ ∼ 1/θ0, and from this point onwards the increasing lack of contributing emission
from larger angles will introduce a steepening of the light curve (this steepening will
be ∆α = (3−k)/(4−k), see e.g. Ref. 160 for further discussion). On the other hand,
there is the sideways spreading of the jet. This happens approximately at the same
time (i.e. when γ ∼ θ−10 , as per the discussion on spreading dynamics above) and
leads to a faster decline in γ. Since the observed emission depends sensitively on γ,
to which the downstream internal energy per particle is linearly proportional, this
too causes a steepening in the decline of the light curve (the amount of steepening is
different for different regimes of the synchrotron spectrum; for an X-ray light curve
and a jet moving into a homogeneous medium, ∆α ∼ 1.1, depending on the slope
of the accelerated electron population312). Because of the theorized exponential
nature of the Lorentz factor drop during the spreading process, and because of the
exponential growth of the emitting surface itself, concurrently with the size of the
visible patch, the ‘edge effect’ has often been neglected relative to the spreading
effect.
But now simulations have taught us that the edge effect cannot be ignored,
since it is not overwhelmed by spreading. This has two main implications, making
for a jet break that is both shallower and steeper. The first follows from the fact
that, if the edge effect is noticeable, then so too must be the orientation of the jet
even when θobs < θ0. In particular, the jet break will become a drawn-out affair,
beginning when γ ∼ 1/(θ0 − θobs) and ending when γ ∼ 1/(θ0 + θobs), rather than
occurring chiefly at a single γ ∼ 1/θ0. A probability distribution of random jet ori-
entations will be skewed towards θobs = θ0, with the odds of being exactly on-axis
being the smallest of all possible orientations (and assuming that for θobs > θ0, no
GRB observation will have been triggered in the first place). Since for large observer
angles the completion of this process might well take more than 10 days, whereas
the onset of the jet break could end up buried under the noisy early part of the
X-ray light curve, this would for example imply that a power law description of
Swift XRT data often fails to reveal the occurrence of a jet break. This provides an
elegant solution104, 318 to the ‘missing jet break problem’ that was identified for the
Swift XRT sample.193, 319 Furthermore, because light curves during the jet break
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stage have a particular non power-law profile and because of the template matching
to multi-dimensional simulation-derived synthetic light curves made possible using
the scale invariance discussed in section 3.3, it has also been possible to determine
jet orientations for a significant number of bursts in the Swift XRT sample. This
confirmed observationally (albeit under the assumption of a homogeneous circum-
burst medium and BM-solution initial conditions to the simulations) that most long
GRB jets are indeed not directly oriented towards the observer.115
The second implication, of steeper jet breaks, follows from realizing that we now
have to account for ∆α = ∆αspread + ∆αedge, rather than just ∆α = ∆αspread,
even though ∆αspread is now smaller than anticipated. Numerically resolved simu-
lations in a homogeneous medium (i.e. those from Ref. 109) show a total steepening
of approximately ∆α ≈ 1.4 in the X-rays (depending again on the slope of the
accelerated electron population), leading to a post-break slope of approximately
α = −2.7. Such steep post-break slopes are actually not seen in the data. While the
orientation of the jets and resulting long duration of the jet break might account
for this to some extent, one would expect to see at least some light curves exhibit
such steepness at late times. A particular egregious example of a jet that refuses to
break is that of GRB 130427A, which maintained a straight power law evolution
for at least 80 Ms.320 While for this case jet explanations are still possible,321 they
are not a natural fit.
Most likely, the key to understanding the apparent mismatch between numeri-
cally predicted post jet-break slopes and the data lies in the angular structure of
the outflow. Jet breakout from the stellar envelope is a messy event, releasing an
outflow with complex angular profile. While radial perturbations in a relativistic
flow diminish in importance over time as the blast wave tends to the BM solution
radially,54 angular perturbations decay slowly151 and might have a longer-lasting
observational impact.
A further observational caveat is that it can be difficult to properly disentangle
jet breaks from other light curve features that might occur on similar time scales. A
spectral break might pass the observational band (e.g. synchrotron peak frequency
νm in the optical, or cooling break frequency νc in X-rays). X-ray afterglow plateaus
or other effects due to energy injection into the flow might be misidentified as jet
breaks.322 They could also hide an existing jet break from view, if not postponing
it altogether (energy injection provides a mechanism to sustain a higher blast wave
Lorentz factor, and the size of the visible patch may increase slower as a result, or
not at all, see e.g. Ref. 179).
With the above caveats in mind, unobscured jet breaks can be expected to be
detectable at the following times, depending on the structure of the environment:
tj
(1 + z)
≈


(0.6± 0.1)
(
Eiso
1053 erg
)1/3 (
ρext
mp
)−1/3 (
θ0±θobs
0.1
)8/3
days, ISM,
(0.2± 0.1)
(
Eiso
1053 erg
)(
ρext
29.89mp
)−1 (
θ0±θobs
0.1
)4
days, wind.
(23)
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7. The trans-relativistic regime and very late times
At some time tNR the blast wave will no longer be relativistic. Because of the antic-
ipated exponential nature of jet spreading, the radii at which this occurs were ini-
tially underestimated. Radio observations that were well described with ST-solution
based modeling, appeared to support this notion.323 But there is a subtlety here,
in that both slow and fast spreading models end up predicting similar observation
timescales for the non-relativistic stage. This is another consequence of eq. 6: jets
spreading and decelerating quickly subtract a relatively small R, while jets spread-
ing slowly add a large t in the difference between the two that sets the arrival time.
The Non-relativistic transition can be expected to occur around87, 108, 324
tNR ≈ 1100
(
Eiso
1053 erg
) 1
3
n
− 1
3
0 days. (24)
The blast wave is by no means spherical yet at this point. But in the absence of
strong beaming and due to the averaging over emission times and radii, this will not
severely impact the nature of the observed light curve, which will slowly asymptote
to the behavior predicted from simple ST models. A distinct bump will be visible at
most frequencies due to emission that begins to arrive from the counter jet (that is
no longer beamed away from the observer).104 For observers not in the line of sight
of the prompt emission, a late time orphan afterglow should become visible,325, 326
but the lack of parent prompt GRB emission might make it difficult to identify
a transient as such. The advent of multi-messenger astronomy has the potential
to facilitate this enormously, in particular through a combination of gravitational
wave / kilonova detections providing a temporal and locational anchor to aid the
identification of afterglow transients.
It is of course an oversimplification to expect a single density value n0 and type
to persist out to the very large radii. Eq. 24 implies the non-relativistic transition
around the parsec scale, and sphericity will take another few orders of magnitude
in distance. In the case of long GRBs, the environment of the burster is shaped by
the interaction between progenitor wind and interstellar medium.81, 285, 287, 327–331
We do not expect sudden flare-ups from a blast wave running through this medium
as discussed in section 5.6 (on the other hand, Ref 288 propose a visible effect
from blast waves jumping back and forth between relativistic and non-relativistic
as they are caught in the extreme density fluctuations produced by the erratic late
stages of stellar winds). A transition between overall light curve slopes is however
to be expected, but it is worthwhile to keep in mind that at this point it is still an
open question for long GRBs in general and for many bursts in particular whether
the environment slope obeys the stellar-wind type r−k or flat ISM r0, with studies
pointing in both directions.76, 332, 333 Beyond the sphere of influence of a single star
progenitor, there are also the surrounding stars to account for. As pointed out in
Ref. 334, massive stars tend to reside in dense clusters where many Wolf-Rayet and
O stars can be found within sub-parsec distances of each other.
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8. Conclusions and outlook
There is a growing landscape of trans-relativistic ejecta bridging the gap between
classical long GRBs and supernovae,335 and the community is discovering new
classes of GRBs (e.g. ultra-long269) and new types of superluminous supernovae.336
Without a doubt, the biggest current game changer in the field of GRB outflows
is the ongoing (at the time of writing) emission from multi-messenger gravitational
wave / electro-magnetic counterpart event GW 170817 / GRB 170817Ad. With
the recent detection of gravitational waves from BH mergers, modeling of electro-
magnetic (EM) counterparts had already taken on new urgency, in particular with
respect to off-axis and cocoon emission.140, 188, 337–340 The gamma-ray detection of
GRB 170817A was announced20, 21, 341 prior to its detection in gravitational waves.
The quick UV / optical / NIR detection of a kilonova342, 343 following the GRB,
allowed for a precise localization of the source, making it possible to identify an
emerging X-ray22 and radio23 afterglow signal at around ten days as belonging to
the same event.
It is hard to overstate the relevance of GRB 170817A / GW 170817 for our
understanding of short GRBs. The initial broadband afterglow discovery has been
modeled both as produced by a short GRB cocoon23 and a jetted outflow22 seen
off-axis. The initial radio and X-ray detections allowed for a jetted outflow starting
from a top-hat structure, and much of the initial modeling was done following the
approach introduced by Refs. 107, 344 of mapping synthetic light curves from sim-
ulations that had top-hat initial conditions onto the data.23, 343, 345–348 However, as
cautioned already by e.g. Ref.22, having the observer positioned outside the initial
cone of the afterglow jet (and thus, presumably, the beaming cone of initial gamma
rays) implies either an extremely high energy output on-axis or an uncharacteristi-
cally low initial Lorentz factor relative to its spectral peak (in order to avoid optical
thickness due to pair-production opacity, as discussed in section 5.4). These issues
with the prompt emission are readily avoided by assuming a Gaussian jet profile,
with the Gaussian wings of the jet profile extending beyond the off-axis observer
angle. Structured jets with a power-law decay in energy in their wings are already
ruled out by early X-ray and radio non-detections. In the case of a cocoon, the
gamma-rays must have been intrinsically weak.
Most recently, the source has been re-observed in the X-rays after it came out
of sunblock,345, 349, 350 while radio observations continued.351 The striking reveal
from the new data is the continued (moderate) rise of the source brightness in both
bands. This has become difficult to reconcile both with standard cocoon models
and a top-hat jet profile, with both assuming that the initial detections were close
dIt is beyond the scope of this review to provide a comprehensive list of all the publications and
science communications already devoted to this source, and I limit myself to citing some relevant
discovery communications as well as some illustrative follow-up studies with implications for after-
glow blast wave dynamics. A more comprehensive discussion of the electromagnetic counterpart
discoveries can be found in Ref.19.
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to the temporal peak of the emission. For the cocoon, this continued rise can be
accounted for351 by introducing a velocity stratification of the cocoon ejecta, with
most energy residing in slower shells that catch up later (as in our fireball model
and energy injection discussion from section 5.3; velocity stratification is also a com-
mon ingredient in models for kilonova ejecta36). Structured jets have no particular
problems with accommodating a continued rise.22, 352, 353
At this stage, we are either observing a collimated outflow which would have been
observed as typical when seen on-axis, and GRB 170817A / GW 170817 provides
(1) the smoking gun evidence for the short GRB / NS-NS merger connection, (2)
proves that short GRB outflows are collimated and (3) refines our constraints on the
structure of short GRB afterglow jets. Or we are observing cocoon emission, proving
the existence of a dense cloud around neutron star mergers and potentially revealing
a separate sub-class of short bursts. If the gamma rays are intrinsically weak, this
might allow for a conceptual connection to X-ray flares rather than GRBs, with
both phenomena belonging to the same continuum.354
In any case, a proper modeling of afterglow blast waves taking into account
the recent advances made by the community in the field of afterglow blast wave
dynamics that we surveyed in this review, helps to constrain the physics of the
inner engine, the mechanism of jet launching and the connection (in the short
GRB case) to gravitational wave emission. Modeling blast wave dynamics helps
to understand the distinctions and similarities between GRB afterglows and other
(trans-)relativistic ejecta, including (relativistic) tidal disruption events355 as well
as the aforementioned supernovae blast waves.
Appendix A. Equations of relativistic hydrodynamics for afterglow
blast waves
∂
∂ct
γρ = − 1
r2
∂
∂r
(
r2γρβr
)− 1
r sin θ
∂
∂θ
γρβθ sin θ, (A.1)
∂
∂ct
(
γ2hβr
)
= − 1
r2
∂
∂r
(
r2
[
γ2hβ2r + p
])− 1
r sin θ
∂
∂θ
(
sin θγ2hβθβr
)
+
2p
r
+
γ2hβ2θ
r
, (A.2)
∂
∂ct
(
hγ2βθ
)
= − 1
r2
∂
∂r
(
r2γ2hβrβθ
)− 1
r sin θ
∂
∂θ
(
sin θ
[
γ2hβ2θ + p
])
+
p cot θ
r
− γ
2hβθβr
r
, (A.3)
∂
∂ct
(
γ2h− p− γρc2) = − 1
r2
∂
∂r
(
r2
[
hγ2βr − γρc2βr
])−
1
r sin θ
∂
∂θ
(
sin θ
[
γ2hβθ − γρc2βθ
])
. (A.4)
We can rescale to dimensionless equations using initial energy and circumburst
density as parameters embedded in A, B (see eq. 12. When applied to the fluid
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equations, the transformations
∂
∂ct
= −A
ct
∂
∂A +
2B
ct
∂
∂B ,
∂
∂r
=
1
ct
∂
∂A + (k − 5)
B
r
∂
∂B (A.5)
yield the dimensionless(
−A ∂
∂A + 2B
∂
∂B
)(
ρ
ρext
γ
)
= −
(
∂
∂A +
(k − 5)B
A
∂
∂B +
2− k
A
)(
ρ
ρext
γβr
)
−
1
A sin θ
∂
∂θ
(
sin θ
ρ
ρext
γβθ
)
, (A.6)
for mass conservation and similar for the other fluid equations.
Appendix B. Remaining definitions of ST solution
Here we provide the remaining terms of the ST solution for general k value.
ξ5−k =
(
V
V (1)
)−2( −5 + k + 4V
−5 + k + 4V (1)
)ν1 ( 5V − 3
5V (1)− 3
)ν2
,
Z =
5(1− V )V 2
3(5V − 3) ,
G = 4
(
5V − 3
5V (1)− 3
)ν3 ( 4V − 5 + k
4V (1)− 5 + k
)ν4 ( V − 1
V (1)− 1
)ν5 ( V
V (1)
)ν6
,
ν1 =
2(41− 26k + 5k2)
3(5k − 13) ,
ν2 =
2(k − 5)
5k − 13 , ν3 =
5k − 9
5k − 13 ,
ν4 =
2(7k − 15)(5k2 − 26k + 41)
3(k − 1)(k − 5)(5k − 13) ,
ν5 = −2(9− 4k)
3(k − 1) , ν6 = −
2k
k − 5 . (B.1)
βˆk−5 =
16π
(5 − k)2
∫ 1
0
G[
1
2
V 2 +
9
10
Z]ξ4dξ. (B.2)
In the ISM case, βˆ ≈ 1.15, in the stellar-wind case, βˆ ≈ 0.92.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
30 Hendrik van Eerten
References
1. R. W. Klebesadel, I. B. Strong and R. A. Olson, ApJ 182 (June 1973) L85.
2. E. P. Mazets, S. V. Golenetskii, V. N. Ilinskii, V. N. Panov, R. L. Aptekar, I. A.
Gurian, M. P. Proskura, I. A. Sokolov, Z. I. Sokolova and T. V. Kharitonova, Ap&SS
80 (November 1981) 3.
3. C. A. Meegan, G. J. Fishman, R. B. Wilson, J. M. Horack, M. N. Brock, W. S.
Paciesas, G. N. Pendleton and C. Kouveliotou, Nature 355 (January 1992) 143.
4. E. Costa et al., Nature 387 (June 1997) 783, astro-ph/9706065.
5. J. van Paradijs et al., Nature 386 (April 1997) 686.
6. M. J. Rees and P. Meszaros, MNRAS 258 (September 1992) 41P.
7. P. Me´sza´ros and M. J. Rees, ApJ 476 (February 1997) 232, astro-ph/9606043.
8. P. Meszaros and M. J. Rees, ApJ 418 (December 1993) L59, astro-ph/9309011.
9. B. Paczynski and J. E. Rhoads, ApJ 418 (November 1993) L5, astro-ph/9307024.
10. P. J. Groot, T. J. Galama, J. van Paradijs, R. Strom, J. Telting, R. G. M. Rutten,
M. Pettini, N. Tanvir, R. Naber, C. Kouveliotou, J. in ’t Zand, J. Heise, E. Costa,
M. Feroci, L. Piro, F. Frontera, G. Zavattini, L. Nicastro and E. Palazzi, IAU Circ.
6584 (March 1997).
11. M. R. Metzger, J. L. Cohen, J. P. Blakeslee, S. R. Kulkarni, S. G. Djorgovski, C. C.
Steidel and D. A. Frail, IAU Circ. 6631 (April 1997).
12. C. Kouveliotou, C. A. Meegan, G. J. Fishman, N. P. Bhat, M. S. Briggs, T. M.
Koshut, W. S. Paciesas and G. N. Pendleton, ApJ 413 (August 1993) L101.
13. T. J. Galama, P. M. Vreeswijk, J. van Paradijs, C. Kouveliotou, T. Augusteijn,
H. Bo¨hnhardt, J. P. Brewer, V. Doublier, J.-F. Gonzalez, B. Leibundgut, C. Lid-
man, O. R. Hainaut, F. Patat, J. Heise, J. in’t Zand, K. Hurley, P. J. Groot, R. G.
Strom, P. A. Mazzali, K. Iwamoto, K. Nomoto, H. Umeda, T. Nakamura, T. R.
Young, T. Suzuki, T. Shigeyama, T. Koshut, M. Kippen, C. Robinson, P. de Wildt,
R. A. M. J. Wijers, N. Tanvir, J. Greiner, E. Pian, E. Palazzi, F. Frontera, N. Masetti,
L. Nicastro, M. Feroci, E. Costa, L. Piro, B. A. Peterson, C. Tinney, B. Boyle, R. Can-
non, R. Stathakis, E. Sadler, M. C. Begam and P. Ianna, Nature 395 (October 1998)
670, astro-ph/9806175.
14. B. Paczynski, ApJ 308 (September 1986) L43.
15. D. Eichler, M. Livio, T. Piran and D. N. Schramm, Nature 340 (July 1989) 126.
16. E. Berger, ARA&A 52 (August 2014) 43, arXiv:1311.2603 [astro-ph.HE].
17. B. F. Schutz, Nature 323 (September 1986) 310.
18. B. P. Abbott, R. Abbott, T. D. Abbott, F. Acernese, K. Ackley, C. Adams, T. Adams,
P. Addesso, R. X. Adhikari, V. B. Adya and et al., Physical Review Letters 119
(October 2017) 161101, arXiv:1710.05832 [gr-qc].
19. B. P. Abbott et al., ApJ 848 (October 2017) L12,
arXiv:1710.05833 [astro-ph.HE].
20. A. Goldstein, P. Veres, E. Burns, M. S. Briggs, R. Hamburg, D. Kocevski, C. A.
Wilson-Hodge, R. D. Preece, S. Poolakkil, O. J. Roberts, C. M. Hui, V. Connaughton,
J. Racusin, A. von Kienlin, T. Dal Canton, N. Christensen, T. Littenberg, K. Siellez,
L. Blackburn, J. Broida, E. Bissaldi, W. H. Cleveland, M. H. Gibby, M. M. Giles,
R. M. Kippen, S. McBreen, J. McEnery, C. A. Meegan, W. S. Paciesas and M. Stan-
bro, ApJ 848 (October 2017) L14, arXiv:1710.05446 [astro-ph.HE].
21. V. Savchenko, C. Ferrigno, E. Kuulkers, A. Bazzano, E. Bozzo, S. Brandt, J. Ch-
enevez, T. J.-L. Courvoisier, R. Diehl, A. Domingo, L. Hanlon, E. Jourdain, A. von
Kienlin, P. Laurent, F. Lebrun, A. Lutovinov, A. Martin-Carrillo, S. Mereghetti,
L. Natalucci, J. Rodi, J.-P. Roques, R. Sunyaev and P. Ubertini, ApJ 848 (October
2017) L15, arXiv:1710.05449 [astro-ph.HE].
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 31
22. E. Troja, L. Piro, H. van Eerten, R. T. Wollaeger, M. Im, O. D. Fox, N. R. Butler,
S. B. Cenko, T. Sakamoto, C. L. Fryer, R. Ricci, A. Lien, R. E. Ryan, O. Korobkin,
S.-K. Lee, J. M. Burgess, W. H. Lee, A. M. Watson, C. Choi, S. Covino, P. D‘Avanzo,
C. J. Fontes, J. B. Gonza´lez, H. G. Khandrika, J. Kim, S.-L. Kim, C.-U. Lee, H. M.
Lee, A. Kutyrev, G. Lim, R. Sa´nchez-Ramı´rez, S. Veilleux, M. H. Wieringa and
Y. Yoon, Nature 551 (November 2017) 71, arXiv:1710.05433 [astro-ph.HE].
23. G. Hallinan, A. Corsi, K. P. Mooley, K. Hotokezaka, E. Nakar, M. M. Kasliwal,
D. L. Kaplan, D. A. Frail, S. T. Myers, T. Murphy, K. De, D. Dobie, J. R. Allison,
K. W. Bannister, V. Bhalerao, P. Chandra, T. E. Clarke, S. Giacintucci, A. Y. Q.
Ho, A. Horesh, N. E. Kassim, S. R. Kulkarni, E. Lenc, F. J. Lockman, C. Lynch,
D. Nichols, S. Nissanke, N. Palliyaguru, W. M. Peters, T. Piran, J. Rana, E. M. Sadler
and L. P. Singer, ArXiv e-prints (October 2017) arXiv:1710.05435 [astro-ph.HE].
24. N. Gehrels et al., ApJ 611 (August 2004) 1005.
25. A. J. van der Horst, A. Kamble, L. Resmi, R. A. M. J. Wijers, D. Bhattacharya,
B. Scheers, E. Rol, R. Strom, C. Kouveliotou, T. Oosterloo and C. H. Ishwara-
Chandra, A&A 480 (March 2008) 35, arXiv:0706.1321.
26. R. A. M. J. Wijers, M. J. Rees and P. Meszaros, MNRAS 288 (July 1997) L51,
astro-ph/9704153.
27. R. Sari, T. Piran and R. Narayan, ApJ 497 (April 1998) L17, astro-ph/9712005.
28. J. Granot and R. Sari, ApJ 568 (April 2002) 820, astro-ph/0108027.
29. G. Ghirlanda, G. Ghisellini, R. Salvaterra, L. Nava, D. Burlon, G. Tagliaferri,
S. Campana, P. D’Avanzo and A. Melandri, MNRAS 428 (January 2013) 1410,
arXiv:1210.1215 [astro-ph.HE].
30. G. Ghirlanda, O. S. Salafia, A. Pescalli, G. Ghisellini, R. Salvaterra, E. Chassande-
Mottin, M. Colpi, F. Nappo, P. D’Avanzo, A. Melandri, M. G. Bernardini, M. Branch-
esi, S. Campana, R. Ciolfi, S. Covino, D. Go¨tz, S. D. Vergani, M. Zennaro and
G. Tagliaferri, A&A 594 (October 2016) A84, arXiv:1607.07875 [astro-ph.HE].
31. J. E. Rhoads, ApJ 487 (September 1997) L1, astro-ph/9705163.
32. S. B. Cenko, D. A. Frail, F. A. Harrison, J. B. Haislip, D. E. Reichart, N. R. Butler,
B. E. Cobb, A. Cucchiara, E. Berger, J. S. Bloom, P. Chandra, D. B. Fox, D. A.
Perley, J. X. Prochaska, A. V. Filippenko, K. Glazebrook, K. M. Ivarsen, M. M.
Kasliwal, S. R. Kulkarni, A. P. LaCluyze, S. Lopez, A. N. Morgan, M. Pettini and
V. R. Rana, ApJ 732 (May 2011) 29, arXiv:1004.2900 [astro-ph.HE].
33. D. A. Frail, S. R. Kulkarni, R. Sari, S. G. Djorgovski, J. S. Bloom, T. J. Galama,
D. E. Reichart, E. Berger, F. A. Harrison, P. A. Price, S. A. Yost, A. Diercks, R. W.
Goodrich and F. Chaffee, ApJ 562 (November 2001) L55, astro-ph/0102282.
34. J. S. Bloom, D. A. Frail and S. R. Kulkarni, ApJ 594 (September 2003) 674,
astro-ph/0302210.
35. P. A. Mazzali, A. I. McFadyen, S. E. Woosley, E. Pian and M. Tanaka, MNRAS 443
(September 2014) 67, arXiv:1406.1209 [astro-ph.HE].
36. B. D. Metzger, Living Reviews in Relativity 20 (May 2017) 3,
arXiv:1610.09381 [astro-ph.HE].
37. A. M. Soderberg, E. Nakar, E. Berger and S. R. Kulkarni, ApJ 638 (February 2006)
930, astro-ph/0507147.
38. D. Lazzati, M. Villeneuve, D. Lo´pez-Ca´mara, B. J. Morsony and R. Perna, MNRAS
436 (December 2013) 1867, arXiv:1309.1473 [astro-ph.HE].
39. J. Barnes, P. C. Duffell, Y. Liu, M. Modjaz, F. B. Bianco, D. Kasen and A. I.
MacFadyen, ArXiv e-prints (August 2017) arXiv:1708.02630 [astro-ph.HE].
40. S. E. Woosley, ApJ 405 (March 1993) 273.
41. S. R. Kulkarni, D. A. Frail, M. H. Wieringa, R. D. Ekers, E. M. Sadler, R. M. Wark,
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
32 Hendrik van Eerten
J. L. Higdon, E. S. Phinney and J. S. Bloom, Nature 395 (October 1998) 663.
42. S. Campana, V. Mangano, A. J. Blustin, P. Brown, D. N. Burrows, G. Chincar-
ini, J. R. Cummings, G. Cusumano, M. Della Valle, D. Malesani, P. Me´sza´ros, J. A.
Nousek, M. Page, T. Sakamoto, E. Waxman, B. Zhang, Z. G. Dai, N. Gehrels, S. Imm-
ler, F. E. Marshall, K. O. Mason, A. Moretti, P. T. O’Brien, J. P. Osborne, K. L. Page,
P. Romano, P. W. A. Roming, G. Tagliaferri, L. R. Cominsky, P. Giommi, O. Godet,
J. A. Kennea, H. Krimm, L. Angelini, S. D. Barthelmy, P. T. Boyd, D. M. Palmer,
A. A. Wells and N. E. White, Nature 442 (August 2006) 1008, astro-ph/0603279.
43. E. Nakar and R. Sari, ApJ 747 (March 2012) 88, arXiv:1106.2556 [astro-ph.HE].
44. E. Nakar, ApJ 807 (July 2015) 172, arXiv:1503.00441 [astro-ph.HE].
45. P. Schady, Royal Society Open Science 4 (July 2017) 170304, arXiv:1707.05214.
46. P. Kumar and B. Zhang, Phys. Rep. 561 (February 2015) 1,
arXiv:1410.0679 [astro-ph.HE].
47. A. M. Beloborodov and P. Me´sza´ros, Space Science Reviews 207 (July 2017) 87,
arXiv:1701.04523 [astro-ph.HE].
48. J. Granot and A. J. van der Horst, PASA 31 (February 2014) e008.
49. G. C. Pomraning, The equations of radiation hydrodynamics 1973.
50. G. Cavallo and M. J. Rees, MNRAS 183 (May 1978) 359.
51. A. Shemi and T. Piran, ApJ 365 (December 1990) L55.
52. T. Piran, A. Shemi and R. Narayan, MNRAS 263 (August 1993) 861,
astro-ph/9301004.
53. P. Meszaros, P. Laguna and M. J. Rees, ApJ 415 (September 1993) 181,
astro-ph/9301007.
54. S. Kobayashi, T. Piran and R. Sari, ApJ 513 (March 1999) 669,
arXiv:astro-ph/9803217.
55. J. I. Katz and T. Piran, ApJ 490 (December 1997) 772.
56. J. Chiang and C. D. Dermer, ApJ 512 (February 1999) 699, astro-ph/9803339.
57. T. Piran, Phys. Rep. 314 (June 1999) 575, astro-ph/9810256.
58. Y. F. Huang, Z. G. Dai and T. Lu, MNRAS 309 (October 1999) 513,
astro-ph/9906370.
59. C. L. Bianco and R. Ruffini, ApJ 605 (April 2004) L1, astro-ph/0403379.
60. C. D. Dermer and M. Humi, ApJ 556 (July 2001) 479, astro-ph/0012272.
61. G. Jo´hannesson, G. Bjo¨rnsson and E. H. Gudmundsson, ApJ 647 (August 2006)
1238, astro-ph/0605299.
62. A. Pe’er, ApJ 752 (June 2012) L8, arXiv:1203.5797 [astro-ph.HE].
63. H. van Eerten, eConf Proceedings 7th Huntsville Gamma-Ray Burst Symposium,
GRB 2013 (September 2013) 24, arXiv:1309.3869 [astro-ph.HE].
64. L. Nava, L. Sironi, G. Ghisellini, A. Celotti and G. Ghirlanda, MNRAS 433 (August
2013) 2107, arXiv:1211.2806 [astro-ph.HE].
65. J. L. Synge, The relativistic gas (North-Holland publishing company, 1957).
66. A. Mignone, T. Plewa and G. Bodo, ApJS 160 (September 2005) 199,
arXiv:astro-ph/0505200.
67. W. Zhang and A. MacFadyen, ApJ 698 (June 2009) 1261, arXiv:0902.2396.
68. H. J. Van Eerten, K. Leventis, Z. Meliani, R. A. M. J. Wijers and R. Keppens,
MNRAS 403 (March 2010) 300, arXiv:0909.2446.
69. Z. L. Uhm, ApJ 733 (June 2011) 86, arXiv:1003.1115 [astro-ph.HE].
70. H. J. van Eerten, Journal of High Energy Astrophysics 7 (September 2015) 23,
arXiv:1503.05308 [astro-ph.HE].
71. R. D. Blandford and C. F. McKee, Physics of Fluids 19 (August 1976) 1130.
72. G. Taylor, Royal Society of London Proceedings Series A 201 (March 1950) 159.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 33
73. L. I. Sedov, Similarity and Dimensional Methods in Mechanics (Similarity and Di-
mensional Methods in Mechanics, New York: Academic Press, 1959, 1959).
74. S. A. Yost, F. A. Harrison, R. Sari and D. A. Frail, ApJ 597 (November 2003) 459,
astro-ph/0307056.
75. S. B. Cenko, D. A. Frail, F. A. Harrison, S. R. Kulkarni, E. Nakar, P. C. Chandra,
N. R. Butler, D. B. Fox, A. Gal-Yam, M. M. Kasliwal, J. Kelemen, D.-S. Moon, E. O.
Ofek, P. A. Price, A. Rau, A. M. Soderberg, H. I. Teplitz, M. W. Werner, D. C.-J.
Bock, J. S. Bloom, D. A. Starr, A. V. Filippenko, R. A. Chevalier, N. Gehrels, J. N.
Nousek and T. Piran, ApJ 711 (March 2010) 641, arXiv:0905.0690 [astro-ph.HE].
76. S. Schulze, S. Klose, G. Bjo¨rnsson, P. Jakobsson, D. A. Kann, A. Rossi, T. Kru¨hler,
J. Greiner and P. Ferrero, A&A 526 (February 2011) A23, arXiv:1010.4057.
77. J. L. Racusin, S. R. Oates, P. Schady, D. N. Burrows, M. de Pasquale, D. Donato,
N. Gehrels, S. Koch, J. McEnery, T. Piran, P. Roming, T. Sakamoto, C. Swenson,
E. Troja, V. Vasileiou, F. Virgili, D. Wanderman and B. Zhang, ApJ 738 (September
2011) 138, arXiv:1106.2469 [astro-ph.HE].
78. N. Wygoda, D. Guetta, M. A. Mandich and E. Waxman, ApJ 824 (June 2016) 127,
arXiv:1504.01056 [astro-ph.HE].
79. P. Beniamini and A. J. van der Horst, ArXiv e-prints (June 2017)
arXiv:1706.07817 [astro-ph.HE].
80. B. Zhang, International Journal of Modern Physics D 23 (December 2014) 1430002,
arXiv:1402.7022 [astro-ph.HE].
81. R. A. Chevalier and Z.-Y. Li, ApJ 536 (June 2000) 195, astro-ph/9908272.
82. M. A. Aloy, H.-T. Janka and E. Mu¨ller, A&A 436 (June 2005) 273,
astro-ph/0408291.
83. E. Nakar, Phys. Rep. 442 (April 2007) 166, astro-ph/0701748.
84. E. Berger, New Astronomy Reviews 55 (January 2011) 1,
arXiv:1005.1068 [astro-ph.HE].
85. W. Fong, E. Berger, R. Margutti and B. A. Zauderer, ApJ 815 (December 2015)
102, arXiv:1509.02922 [astro-ph.HE].
86. W. Fong, E. Berger and D. B. Fox, ApJ 708 (January 2010) 9,
arXiv:0909.1804 [astro-ph.HE].
87. N. Wygoda, E. Waxman and D. A. Frail, ApJ 738 (September 2011) L23,
arXiv:1102.5618 [astro-ph.HE].
88. J. Granot and T. Piran, MNRAS 421 (March 2012) 570,
arXiv:1109.6468 [astro-ph.HE].
89. W. B. Atwood, A. A. Abdo, M. Ackermann, W. Althouse, B. Anderson, M. Axelsson,
L. Baldini, J. Ballet, D. L. Band, G. Barbiellini et al., ApJ 697 (June 2009) 1071,
arXiv:0902.1089 [astro-ph.IM].
90. G. Ghisellini, G. Ghirlanda, L. Nava and A. Celotti, MNRAS 403 (April 2010) 926,
arXiv:0910.2459 [astro-ph.HE].
91. W.-H. Gao, J. Mao, D. Xu and Y.-Z. Fan, ApJ 706 (November 2009) L33,
arXiv:0908.3975 [astro-ph.HE].
92. P. Kumar and R. Barniol Duran, MNRAS 400 (November 2009) L75,
arXiv:0905.2417 [astro-ph.HE].
93. P. Kumar and R. Barniol Duran, MNRAS 409 (November 2010) 226,
arXiv:0910.5726 [astro-ph.HE].
94. A. Corsi, D. Guetta and L. Piro, ApJ 720 (September 2010) 1008, arXiv:0911.4453.
95. C. Thompson and P. Madau, ApJ 538 (July 2000) 105, astro-ph/9909111.
96. A. M. Beloborodov, ApJ 627 (July 2005) 346, astro-ph/0503049.
97. A. M. Beloborodov, ApJ 565 (February 2002) 808, astro-ph/0103321.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
34 Hendrik van Eerten
98. M. Petropoulou and A. Mastichiadis, A&A 507 (November 2009) 599,
arXiv:0909.0208 [astro-ph.HE].
99. T. Pennanen, I. Vurm and J. Poutanen, A&A 564 (April 2014) A77,
arXiv:1403.5506 [astro-ph.HE].
100. A. Mastichiadis and J. G. Kirk, A&A 295 (March 1995) 613.
101. J. Granot, M. Miller, T. Piran, W. M. Suen and P. A. Hughes, Light Curves from an
Expanding Relativistic Jet, in Gamma-ray Bursts in the Afterglow Era, eds. E. Costa,
F. Frontera and J. Hjorth (2001), p. 312. astro-ph/0103038.
102. P. Kumar and J. Granot, ApJ 591 (July 2003) 1075, astro-ph/0303174.
103. J. K. Cannizzo, N. Gehrels and E. T. Vishniac, ApJ 601 (January 2004) 380,
astro-ph/0310113.
104. H. van Eerten, W. Zhang and A. MacFadyen, ApJ 722 (October 2010) 235,
arXiv:1006.5125 [astro-ph.HE].
105. Z. Meliani and R. Keppens, A&A 520 (September 2010) L3,
arXiv:1009.1224 [astro-ph.HE].
106. F. De Colle, E. Ramirez-Ruiz, J. Granot and D. Lopez-Camara, ApJ 751 (May 2012)
57, arXiv:1111.6667 [astro-ph.HE].
107. H. van Eerten, A. van der Horst and A. MacFadyen, ApJ 749 (April 2012) 44,
arXiv:1110.5089 [astro-ph.HE].
108. H. J. van Eerten and A. I. MacFadyen, ApJ 751 (June 2012) 155,
arXiv:1105.2485 [astro-ph.HE].
109. H. van Eerten and A. MacFadyen, ApJ 767 (April 2013) 141,
arXiv:1209.1985 [astro-ph.HE].
110. A. Maselli, A. Melandri, L. Nava, C. G. Mundell, N. Kawai, S. Campana,
S. Covino, J. R. Cummings, G. Cusumano, P. A. Evans, G. Ghirlanda, G. Ghis-
ellini, C. Guidorzi, S. Kobayashi, P. Kuin, V. La Parola, V. Mangano, S. Oates,
T. Sakamoto, M. Serino, F. Virgili, B.-B. Zhang, S. Barthelmy, A. Beardmore,
M. G. Bernardini, D. Bersier, D. Burrows, G. Calderone, M. Capalbi, J. Chi-
ang, P. D’Avanzo, V. D’Elia, M. De Pasquale, D. Fugazza, N. Gehrels, A. Gom-
boc, R. Harrison, H. Hanayama, J. Japelj, J. Kennea, D. Kopac, C. Kouveliotou,
D. Kuroda, A. Levan, D. Malesani, F. Marshall, J. Nousek, P. O’Brien, J. P.
Osborne, C. Pagani, K. L. Page, M. Page, M. Perri, T. Pritchard, P. Romano,
Y. Saito, B. Sbarufatti, R. Salvaterra, I. Steele, N. Tanvir, G. Vianello, B. Weigand,
K. Wiersema, Y. Yatsu, T. Yoshii and G. Tagliaferri, Science 343 (January 2014)
48, arXiv:1311.5254 [astro-ph.HE].
111. Y. Urata et al., ApJ 789 (July 2014) 146, arXiv:1405.4331 [astro-ph.HE].
112. C. Guidorzi et al., MNRAS 438 (February 2014) 752,
arXiv:1311.4340 [astro-ph.HE].
113. H. J. van Eerten and R. A. M. J. Wijers, MNRAS 394 (April 2009) 2164,
arXiv:0810.2250.
114. J. Granot, MNRAS 421 (April 2012) 2610, arXiv:1111.6865 [astro-ph.IM].
115. G. Ryan, H. van Eerten, A. MacFadyen and B.-B. Zhang, ApJ 799 (January 2015)
3, arXiv:1405.5516 [astro-ph.HE].
116. B.-B. Zhang, H. van Eerten, D. N. Burrows, G. S. Ryan, P. A. Evans,
J. L. Racusin, E. Troja and A. MacFadyen, ApJ 806 (June 2015) 15,
arXiv:1405.4867 [astro-ph.HE].
117. A. I. MacFadyen and S. E. Woosley, ApJ 524 (October 1999) 262,
astro-ph/9810274.
118. R. D. Blandford and R. L. Znajek, MNRAS 179 (May 1977) 433.
119. J. C. McKinney, MNRAS 368 (June 2006) 1561, astro-ph/0603045.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 35
120. S. S. Komissarov and M. V. Barkov, MNRAS 382 (December 2007) 1029,
arXiv:0707.0264.
121. R. Popham, S. E. Woosley and C. Fryer, ApJ 518 (June 1999) 356,
astro-ph/9807028.
122. O. Bromberg, E. Nakar, T. Piran and R. Sari, ApJ 749 (April 2012) 110,
arXiv:1111.2990 [astro-ph.HE].
123. M. A. Aloy, E. Mu¨ller, J. M. Iba´n˜ez, J. M. Mart´ı and A. MacFadyen, ApJ 531
(March 2000) L119, astro-ph/9911098.
124. J. M. Marti, E. Mueller and J. M. Ibanez, A&A 281 (January 1994) L9.
125. C. D. Matzner, MNRAS 345 (October 2003) 575, astro-ph/0203085.
126. W. Zhang, S. E. Woosley and A. I. MacFadyen, ApJ 586 (March 2003) 356,
astro-ph/0207436.
127. W. Zhang, S. E. Woosley and A. Heger, ApJ 608 (June 2004) 365, astro-ph/0308389.
128. B. J. Morsony, D. Lazzati and M. C. Begelman, ApJ 723 (November 2010) 267,
arXiv:1002.0361 [astro-ph.HE].
129. O. Bromberg, E. Nakar, T. Piran and R. Sari, ApJ 740 (October 2011) 100,
arXiv:1107.1326 [astro-ph.HE].
130. H. Nagakura, H. Ito, K. Kiuchi and S. Yamada, ApJ 731 (April 2011) 80,
arXiv:1009.2326 [astro-ph.HE].
131. D. Lazzati, B. J. Morsony, C. H. Blackwell and M. C. Begelman, ApJ 750 (May
2012) 68, arXiv:1111.0970 [astro-ph.HE].
132. A. Mizuta and K. Ioka, ApJ 777 (November 2013) 162,
arXiv:1304.0163 [astro-ph.HE].
133. D. Lo´pez-Ca´mara, B. J. Morsony, M. C. Begelman and D. Lazzati, ApJ 767 (April
2013) 19, arXiv:1212.0539 [astro-ph.HE].
134. O. Bromberg, J. Granot, Y. Lyubarsky and T. Piran, MNRAS 443 (September 2014)
1532, arXiv:1402.4142 [astro-ph.HE].
135. P. C. Duffell, E. Quataert and A. I. MacFadyen, ApJ 813 (November 2015) 64,
arXiv:1505.05538 [astro-ph.HE].
136. P. C. Duffell and A. I. MacFadyen, ApJ 806 (June 2015) 205,
arXiv:1407.8250 [astro-ph.HE].
137. J.-J. Geng, B. Zhang and R. Kuiper, ApJ 833 (December 2016) 116,
arXiv:1608.01715 [astro-ph.HE].
138. D. Lo´pez-Ca´mara, D. Lazzati and B. J. Morsony, ApJ 826 (August 2016) 180,
arXiv:1603.02350 [astro-ph.HE].
139. H. Hamidani, K. Takahashi, H. Umeda and S. Okita, MNRAS 469 (August 2017)
2361.
140. E. Nakar and T. Piran, ApJ 834 (January 2017) 28,
arXiv:1610.05362 [astro-ph.HE].
141. H. Nagakura, K. Hotokezaka, Y. Sekiguchi, M. Shibata and K. Ioka, ApJ 784 (April
2014) L28, arXiv:1403.0956 [astro-ph.HE].
142. A. Murguia-Berthier, G. Montes, E. Ramirez-Ruiz, F. De Colle and W. H. Lee, ApJ
788 (June 2014) L8, arXiv:1404.0383 [astro-ph.HE].
143. K. Hotokezaka, K. Kiuchi, K. Kyutoku, H. Okawa, Y.-i. Sekiguchi, M. Shibata and
K. Taniguchi, PhRvD 87 (January 2013) 024001, arXiv:1212.0905 [astro-ph.HE].
144. L. Lehner, C. Palenzuela, S. L. Liebling, C. Thompson and C. Hanna, PhRvD 86
(November 2012) 104035, arXiv:1112.2622 [astro-ph.HE].
145. M. C. Begelman and D. F. Cioffi, ApJ 345 (October 1989) L21.
146. E. Waxman and P. Me´sza´ros, ApJ 584 (February 2003) 390, astro-ph/0206392.
147. E. Ramirez-Ruiz, A. Celotti and M. J. Rees, MNRAS 337 (December 2002) 1349,
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
36 Hendrik van Eerten
astro-ph/0205108.
148. E. Berger, S. R. Kulkarni, G. Pooley, D. A. Frail, V. McIntyre, R. M. Wark, R. Sari,
A. M. Soderberg, D. W. Fox, S. Yost and P. A. Price, Nature 426 (November 2003)
154, astro-ph/0308187.
149. H. J. van Eerten, MNRAS 445 (December 2014) 2414,
arXiv:1404.0283 [astro-ph.HE].
150. D. Lazzati and M. C. Begelman, ApJ 629 (August 2005) 903, astro-ph/0502084.
151. A. Gruzinov, ArXiv Astrophysics e-prints (December 2000) astro-ph/0012364.
152. A. Tchekhovskoy, R. Narayan and J. C. McKinney, New A 15 (November 2010) 749,
arXiv:0909.0011 [astro-ph.HE].
153. K. S. Cheng, Y. F. Huang and T. Lu, MNRAS 325 (August 2001) 599,
astro-ph/0102463.
154. B. J. Morsony, D. Lazzati and M. C. Begelman, ApJ 665 (August 2007) 569,
astro-ph/0609254.
155. K. Sapountzis and N. Vlahakis, MNRAS 434 (September 2013) 1779,
arXiv:1407.4966 [astro-ph.HE].
156. V. M. Lipunov, K. A. Postnov and M. E. Prokhorov, Astronomy Reports 45 (March
2001) 236, astro-ph/9908136.
157. E. Ramirez-Ruiz and N. M. Lloyd-Ronning, New A 7 (July 2002) 197,
astro-ph/0203447.
158. E. Rossi, D. Lazzati and M. J. Rees, MNRAS 332 (June 2002) 945,
astro-ph/0112083.
159. D. Q. Lamb, T. Q. Donaghy and C. Graziani, ApJ 620 (February 2005) 355,
astro-ph/0312634.
160. J. Granot, The Structure and Dynamics of GRB Jets, in Revista Mexicana de As-
tronomia y Astrofisica, vol. 27 , , Revista Mexicana de Astronomia y Astrofisica, vol.
27 Vol. 27 (March 2007), pp. 140–165. astro-ph/0610379.
161. A. Pescalli, G. Ghirlanda, O. S. Salafia, G. Ghisellini, F. Nappo and R. Salvaterra,
MNRAS 447 (February 2015) 1911, arXiv:1409.1213 [astro-ph.HE].
162. V. D’Alessio, L. Piro and E. M. Rossi, A&A 460 (December 2006) 653,
astro-ph/0511272.
163. C. Cuesta-Mart´ınez, M. A. Aloy and P. Mimica, MNRAS 446 (January 2015) 1716,
arXiv:1408.1305 [astro-ph.HE].
164. C. Cuesta-Mart´ınez, M. A. Aloy, P. Mimica, C. Tho¨ne and A. de Ugarte Postigo,
MNRAS 446 (January 2015) 1737, arXiv:1408.1814 [astro-ph.HE].
165. V. V. Usov, Nature 357 (June 1992) 472.
166. C. Thompson, MNRAS 270 (October 1994) 480.
167. P. Me´sza´ros and M. J. Rees, ApJ 482 (June 1997) L29, astro-ph/9609065.
168. M. Lyutikov and E. G. Blackman, MNRAS 321 (February 2001) 177,
astro-ph/0004212.
169. G. Drenkhahn, A&A 387 (May 2002) 714, astro-ph/0112509.
170. A. Burrows, L. Dessart, E. Livne, C. D. Ott and J. Murphy, ApJ 664 (July 2007)
416, astro-ph/0702539.
171. A. Tchekhovskoy, J. C. McKinney and R. Narayan, MNRAS 388 (August 2008) 551,
arXiv:0803.3807.
172. J. Granot, S. S. Komissarov and A. Spitkovsky, MNRAS 411 (February 2011) 1323,
arXiv:1004.0959 [astro-ph.HE].
173. I. A. Steele, R. J. Smith, P. C. Rees, I. P. Baker, S. D. Bates, M. F. Bode, M. K. Bow-
man, D. Carter, J. Etherton, M. J. Ford, S. N. Fraser, A. Gomboc, R. D. J. Lett, A. G.
Mansfield, J. M. Marchant, G. A. Medrano-Cerda, C. J. Mottram, D. Raback, A. B.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 37
Scott, M. D. Tomlinson and R. Zamanov, The Liverpool Telescope: performance
and first results, in Ground-based Telescopes, ed. J. M. Oschmann, Jr., Proceedings
of the SPIE, Vol. 5489 (October 2004), pp. 679–692.
174. J. Greiner, W. Bornemann, C. Clemens, M. Deuter, G. Hasinger, M. Hons-
berg, H. Huber, S. Huber, M. Krauss, T. Kru¨hler, A. Ku¨pcu¨ Yoldas¸, H. Mayer-
Hasselwander, B. Mican, N. Primak, F. Schrey, I. Steiner, G. Szokoly, C. C.
Tho¨ne, A. Yoldas¸, S. Klose, U. Laux and J. Winkler, PASP 120 (April 2008) 405,
arXiv:0801.4801.
175. C. Meegan, G. Lichti, P. N. Bhat, E. Bissaldi, M. S. Briggs, V. Connaughton,
R. Diehl, G. Fishman, J. Greiner, A. S. Hoover, A. J. van der Horst, A. von Kienlin,
R. M. Kippen, C. Kouveliotou, S. McBreen, W. S. Paciesas, R. Preece, H. Steinle,
M. S. Wallace, R. B. Wilson and C. Wilson-Hodge, ApJ 702 (September 2009) 791,
arXiv:0908.0450 [astro-ph.IM].
176. T. D. Staley, D. J. Titterington, R. P. Fender, J. D. Swinbank, A. J. van der Horst,
A. Rowlinson, A. M. M. Scaife, K. J. B. Grainge and G. G. Pooley, MNRAS 428
(February 2013) 3114, arXiv:1211.3115 [astro-ph.HE].
177. R. Harrison and S. Kobayashi, ApJ 772 (August 2013) 101,
arXiv:1211.1032 [astro-ph.HE].
178. J. Japelj, D. Kopacˇ, S. Kobayashi, R. Harrison, C. Guidorzi, F. J. Virgili,
C. G. Mundell, A. Melandri and A. Gomboc, ApJ 785 (April 2014) 84,
arXiv:1402.3701 [astro-ph.HE].
179. H. van Eerten, MNRAS 442 (August 2014) 3495, arXiv:1402.5162 [astro-ph.HE].
180. T. Laskar, K. D. Alexander, E. Berger, W.-f. Fong, R. Margutti, I. Shivvers, P. K. G.
Williams, D. Kopacˇ, S. Kobayashi, C. Mundell, A. Gomboc, W. Zheng, K. M.
Menten, M. L. Graham and A. V. Filippenko, ApJ 833 (December 2016) 88,
arXiv:1606.08873 [astro-ph.HE].
181. I. A. Steele, C. G. Mundell, R. J. Smith, S. Kobayashi and C. Guidorzi, Nature 462
(December 2009) 767, arXiv:1010.1255 [astro-ph.HE].
182. C. G. Mundell, D. Kopacˇ, D. M. Arnold, I. A. Steele, A. Gomboc, S. Kobayashi,
R. M. Harrison, R. J. Smith, C. Guidorzi, F. J. Virgili, A. Melandri and J. Japelj,
Nature 504 (December 2013) 119.
183. K. Wiersema, S. Covino, K. Toma, A. J. van der Horst, K. Varela, M. Min, J. Greiner,
R. L. C. Starling, N. R. Tanvir, R. A. M. J. Wijers, S. Campana, P. A. Curran,
Y. Fan, J. P. U. Fynbo, J. Gorosabel, A. Gomboc, D. Go¨tz, J. Hjorth, Z. P. Jin,
S. Kobayashi, C. Kouveliotou, C. Mundell, P. T. O’Brien, E. Pian, A. Rowlinson,
D. M. Russell, R. Salvaterra, S. di Serego Alighieri, G. Tagliaferri, S. D. Vergani,
J. Elliott, C. Farin˜a, O. E. Hartoog, R. Karjalainen, S. Klose, F. Knust, A. J.
Levan, P. Schady, V. Sudilovsky and R. Willingale, Nature 509 (May 2014) 201,
arXiv:1410.0489 [astro-ph.HE].
184. E. Troja, V. M. Lipunov, C. G. Mundell, N. R. Butler, A. M. Watson, S. Kobayashi,
S. B. Cenko, F. E. Marshall, R. Ricci, A. Fruchter, M. H. Wieringa, E. S. Gor-
bovskoy, V. Kornilov, A. Kutyrev, W. H. Lee, V. Toy, N. V. Tyurina, N. M. Budnev,
D. A. H. Buckley, J. Gonza´lez, O. Gress, A. Horesh, M. I. Panasyuk, J. X. Prochaska,
E. Ramirez-Ruiz, R. Rebolo Lopez, M. G. Richer, C. Roman-Zuniga, M. Serra-Ricart,
V. Yurkov and N. Gehrels, Nature 547 (July 2017) 425.
185. J. Granot, T. Piran, O. Bromberg, J. L. Racusin and F. Daigne, Space Science
Reviews 191 (October 2015) 471, arXiv:1507.08671 [astro-ph.HE].
186. P. Mimica, D. Giannios and M. A. Aloy, A&A 494 (February 2009) 879,
arXiv:0810.2961.
187. O. Bromberg and A. Tchekhovskoy, MNRAS 456 (February 2016) 1739,
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
38 Hendrik van Eerten
arXiv:1508.02721 [astro-ph.HE].
188. O. Gottlieb, E. Nakar and T. Piran, ArXiv e-prints (May 2017)
arXiv:1705.10797 [astro-ph.HE].
189. J. A. Nousek et al., ApJ 642 (May 2006) 389, arXiv:astro-ph/0508332.
190. B. Zhang, Y. Z. Fan, J. Dyks, S. Kobayashi, P. Me´sza´ros, D. N. Burrows, J. A.
Nousek and N. Gehrels, ApJ 642 (May 2006) 354, arXiv:astro-ph/0508321.
191. N. R. Butler and D. Kocevski, ApJ 668 (October 2007) 400, astro-ph/0702638.
192. R. L. C. Starling, Philosophical Transactions of the Royal Society of London Series
A 366 (December 2008) 4393, arXiv:0810.3523.
193. J. L. Racusin, E. W. Liang, D. N. Burrows, A. Falcone, T. Sakamoto, B. B. Zhang,
B. Zhang, P. Evans and J. Osborne, ApJ 698 (June 2009) 43, arXiv:0812.4780.
194. P. A. Evans, A. P. Beardmore, K. L. Page, J. P. Osborne, P. T. O’Brien, R. Willingale,
R. L. C. Starling, D. N. Burrows, O. Godet, L. Vetere, J. Racusin, M. R. Goad,
K. Wiersema, L. Angelini, M. Capalbi, G. Chincarini, N. Gehrels, J. A. Kennea,
R. Margutti, D. C. Morris, C. J. Mountford, C. Pagani, M. Perri, P. Romano and
N. Tanvir, MNRAS 397 (August 2009) 1177, arXiv:0812.3662.
195. R. Sari and T. Piran, ApJ 455 (December 1995) L143, astro-ph/9508081.
196. S. Kobayashi and R. Sari, ApJ 542 (October 2000) 819, astro-ph/9910241.
197. S. Kobayashi, T. Piran and R. Sari, ApJ 490 (November 1997) 92,
astro-ph/9705013.
198. F. Daigne and R. Mochkovitch, MNRAS 296 (May 1998) 275, astro-ph/9801245.
199. Z. L. Uhm and A. M. Beloborodov, ApJ 665 (August 2007) L93, astro-ph/0701205.
200. F. Genet, F. Daigne and R. Mochkovitch, MNRAS 381 (October 2007) 732,
astro-ph/0701204.
201. Z. L. Uhm, B. Zhang, R. Hascoe¨t, F. Daigne, R. Mochkovitch and I. H. Park, ApJ
761 (December 2012) 147, arXiv:1208.2347 [astro-ph.HE].
202. S.-X. Yi, X.-F. Wu and Z.-G. Dai, ApJ 776 (October 2013) 120,
arXiv:1308.6095 [astro-ph.HE].
203. D. A. Perley, T. Kru¨hler, S. Schulze, A. de Ugarte Postigo, J. Hjorth, E. Berger,
S. B. Cenko, R. Chary, A. Cucchiara, R. Ellis, W. Fong, J. P. U. Fynbo, J. Goros-
abel, J. Greiner, P. Jakobsson, S. Kim, T. Laskar, A. J. Levan, M. J. Micha lowski,
B. Milvang-Jensen, N. R. Tanvir, C. C. Tho¨ne and K. Wiersema, ApJ 817 (January
2016) 7, arXiv:1504.02482.
204. A. Rowlinson, P. T. O’Brien, B. D. Metzger, N. R. Tanvir and A. J. Levan, MNRAS
430 (April 2013) 1061, arXiv:1301.0629 [astro-ph.HE].
205. F. Knust, J. Greiner, H. J. van Eerten, P. Schady, D. A. Kann, T.-W. Chen, C. Del-
vaux, J. F. Graham, S. Klose, T. Kru¨hler, N. J. McConnell, A. Nicuesa Guelbenzu,
D. A. Perley, S. Schmidl, T. Schweyer, M. Tanga and K. Varela, ArXiv e-prints (July
2017) arXiv:1707.01329 [astro-ph.HE].
206. K. Leventis, R. A. M. J. Wijers and A. J. van der Horst, MNRAS 437 (January
2014) 2448.
207. R. Santana, R. Barniol Duran and P. Kumar, ArXiv e-prints: 1309.3277 (September
2013) arXiv:1309.3277 [astro-ph.HE].
208. R. C. Duncan and C. Thompson, ApJ 392 (June 1992) L9.
209. Z. G. Dai and T. Lu, A&A 333 (May 1998) L87, astro-ph/9810402.
210. B. Zhang and P. Me´sza´ros, ApJ 552 (May 2001) L35, arXiv:astro-ph/0011133.
211. B.-B. Zhang, B. Zhang, K. Murase, V. Connaughton and M. S. Briggs, ApJ 787
(May 2014) 66, arXiv:1310.2540 [astro-ph.HE].
212. A. M. Beloborodov and Z. L. Uhm, ApJ 651 (November 2006) L1,
astro-ph/0607641.
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 39
213. A. Levinson, ApJ 705 (November 2009) L213, arXiv:0906.4483 [astro-ph.HE].
214. A. Levinson, Geophysical and Astrophysical Fluid Dynamics 104 (February 2010) 85,
arXiv:0909.1636 [astro-ph.HE].
215. P. C. Duffell and A. I. MacFadyen, ApJ 775 (October 2013) 87,
arXiv:1302.7306 [astro-ph.HE].
216. P. C. Duffell and A. I. MacFadyen, ApJ 791 (August 2014) L1,
arXiv:1403.6895 [astro-ph.HE].
217. T. Laskar, E. Berger, R. Margutti, D. Perley, B. A. Zauderer, R. Sari and W.-f. Fong,
ApJ 814 (November 2015) 1, arXiv:1504.03702 [astro-ph.HE].
218. F. Peng, A. Ko¨nigl and J. Granot, ApJ 626 (June 2005) 966.
219. J. Granot, A. Ko¨nigl and T. Piran, MNRAS 370 (August 2006) 1946,
astro-ph/0601056.
220. R. Filgas et al., A&A 535 (November 2011) A57, arXiv:1109.2810 [astro-ph.HE].
221. A. Panaitescu, P. Meszaros and M. J. Rees, ApJ 503 (August 1998) 314,
astro-ph/9801258.
222. M. J. Rees and P. Meszaros, ApJ 496 (March 1998) L1, astro-ph/9712252.
223. R. Sari and P. Me´sza´ros, ApJ 535 (May 2000) L33, astro-ph/0003406.
224. M. Petropoulou, A. Mastichiadis and T. Piran, A&A 531 (July 2011) A76,
arXiv:1105.0154 [astro-ph.HE].
225. R. Hascoe¨t, F. Daigne and R. Mochkovitch, MNRAS 442 (July 2014) 20,
arXiv:1401.0751 [astro-ph.HE].
226. D. Eichler and J. Granot, ApJ 641 (April 2006) L5, astro-ph/0509857.
227. K. Nakayama and T. Shigeyama, ApJ 627 (July 2005) 310, astro-ph/0503252.
228. K. Nakamura and T. Shigeyama, ApJ 645 (July 2006) 431,
arXiv:astro-ph/0603120.
229. N. Bucciantini, E. Quataert, J. Arons, B. D. Metzger and T. A. Thompson, MNRAS
380 (October 2007) 1541, arXiv:0705.1742.
230. N. Bucciantini, E. Quataert, J. Arons, B. D. Metzger and T. A. Thompson, MNRAS
383 (January 2008) L25, arXiv:0707.2100.
231. A. Suzuki and T. Shigeyama, ApJ 796 (November 2014) 30,
arXiv:1409.6826 [astro-ph.HE].
232. E. Troja, G. Cusumano, P. T. O’Brien, B. Zhang, B. Sbarufatti, V. Mangano, R. Will-
ingale, G. Chincarini, J. P. Osborne, F. E. Marshall, D. N. Burrows, S. Campana,
N. Gehrels, C. Guidorzi, H. A. Krimm, V. La Parola, E. W. Liang, T. Mineo,
A. Moretti, K. L. Page, P. Romano, G. Tagliaferri, B. B. Zhang, M. J. Page and
P. Schady, ApJ 665 (August 2007) 599, astro-ph/0702220.
233. A. Rowlinson, P. T. O’Brien, N. R. Tanvir, B. Zhang, P. A. Evans, N. Lyons, A. J.
Levan, R. Willingale, K. L. Page, O. Onal, D. N. Burrows, A. P. Beardmore, T. N.
Ukwatta, E. Berger, J. Hjorth, A. S. Fruchter, R. L. Tunnicliffe, D. B. Fox and
A. Cucchiara,MNRAS 409 (December 2010) 531, arXiv:1007.2185 [astro-ph.HE].
234. N. Lyons, P. T. O’Brien, B. Zhang, R. Willingale, E. Troja and R. L. C. Starling,
MNRAS 402 (February 2010) 705, arXiv:0908.3798 [astro-ph.HE].
235. L. Resmi and B. Zhang, ApJ 825 (July 2016) 48,
arXiv:1605.01296 [astro-ph.HE].
236. P. Beniamini and R. Mochkovitch, A&A 605 (September 2017) A60,
arXiv:1705.03900 [astro-ph.HE].
237. G. E. Anderson, A. J. van der Horst, T. D. Staley, R. P. Fender, R. A. M. J. Wijers,
A. M. M. Scaife, C. Rumsey, D. J. Titterington, A. Rowlinson and R. D. E. Saunders,
MNRAS 440 (May 2014) 2059, arXiv:1403.2217 [astro-ph.HE].
238. M. G. Dainotti, V. F. Cardone and S. Capozziello, MNRAS 391 (November 2008)
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
40 Hendrik van Eerten
L79, arXiv:0809.1389.
239. M. G. Dainotti, R. Willingale, S. Capozziello, V. Fabrizio Cardone and M. Ostrowski,
ApJ 722 (October 2010) L215, arXiv:1009.1663 [astro-ph.HE].
240. M. G. Dainotti, M. Ostrowski and R. Willingale, MNRAS 418 (December 2011)
2202.
241. M. G. Dainotti, V. Petrosian, J. Singal and M. Ostrowski, ApJ 774 (September 2013)
157, arXiv:1307.7297 [astro-ph.HE].
242. R. Margutti, E. Zaninoni, M. G. Bernardini, G. Chincarini, F. Pasotti, C. Guidorzi,
L. Angelini, D. N. Burrows, M. Capalbi, P. A. Evans, N. Gehrels, J. Kennea,
V. Mangano, A. Moretti, J. Nousek, J. P. Osborne, K. L. Page, M. Perri, J. Racusin,
P. Romano, B. Sbarufatti, S. Stafford and M. Stamatikos, MNRAS 428 (January
2013) 729, arXiv:1203.1059 [astro-ph.HE].
243. A. Panaitescu and W. T. Vestrand, MNRAS 414 (July 2011) 3537,
arXiv:1009.3947 [astro-ph.HE].
244. L. Li et al., ApJ 758 (October 2012) 27, arXiv:1203.2332 [astro-ph.HE].
245. J. Greiner et al., A&A 526 (February 2011) A30, arXiv:1011.0618 [astro-ph.HE].
246. A. Panaitescu and P. Kumar, ApJ 560 (October 2001) L49, astro-ph/0108045.
247. A. Rowlinson, B. P. Gompertz, M. Dainotti, P. T. O’Brien, R. A. M. J.
Wijers and A. J. van der Horst, MNRAS 443 (September 2014) 1779,
arXiv:1407.1053 [astro-ph.HE].
248. Y. Lithwick and R. Sari, ApJ 555 (July 2001) 540, astro-ph/0011508.
249. A. A. Abdo et al., ApJ 706 (November 2009) L138,
arXiv:0909.2470 [astro-ph.HE].
250. A. A. Abdo, M. Ackermann, M. Arimoto, K. Asano, W. B. Atwood, M. Axelsson,
L. Baldini, J. Ballet, D. L. Band, G. Barbiellini and et al., Science 323 (March 2009)
1688.
251. Y.-C. Zou, Y.-Z. Fan and T. Piran, ApJ 726 (January 2011) L2,
arXiv:1008.2253 [astro-ph.HE].
252. A. Pe’er, F. Ryde, R. A. M. J. Wijers, P. Me´sza´ros and M. J. Rees, ApJ 664 (July
2007) L1, astro-ph/0703734.
253. A. Pe’er, H. Barlow, S. O’Mahony, R. Margutti, F. Ryde, J. Larsson, D. Lazzati and
M. Livio, ApJ 813 (November 2015) 127, arXiv:1507.00873 [astro-ph.HE].
254. J. M. Burgess, R. D. Preece, M. G. Baring, M. S. Briggs, V. Connaughton, S. Guiriec,
W. S. Paciesas, C. A. Meegan, P. N. Bhat, E. Bissaldi, V. Chaplin, R. Diehl, G. J.
Fishman, G. Fitzpatrick, S. Foley, M. Gibby, M. Giles, A. Goldstein, J. Greiner,
D. Gruber, A. J. van der Horst, A. von Kienlin, M. Kippen, C. Kouveliotou,
S. McBreen, A. Rau, D. Tierney and C. Wilson-Hodge, ApJ 741 (November 2011)
24, arXiv:1107.6024 [astro-ph.HE].
255. F. Ryde, A. Pe’er, T. Nymark, M. Axelsson, E. Moretti, C. Lundman, M. Bat-
telino, E. Bissaldi, J. Chiang, M. S. Jackson, S. Larsson, F. Longo, S. McGlynn and
N. Omodei, MNRAS 415 (August 2011) 3693, arXiv:1103.0708 [astro-ph.HE].
256. D. Lazzati, B. J. Morsony, R. Margutti and M. C. Begelman, ApJ 765 (March 2013)
103, arXiv:1301.3920 [astro-ph.HE].
257. M. Axelsson and L. Borgonovo, MNRAS 447 (March 2015) 3150,
arXiv:1412.5692 [astro-ph.HE].
258. H.-F. Yu, H. J. van Eerten, J. Greiner, R. Sari, P. Narayana Bhat, A. von
Kienlin, W. S. Paciesas and R. D. Preece, A&A 583 (November 2015) A129,
arXiv:1507.05589 [astro-ph.HE].
259. R. Sari and T. Piran, A&AS 138 (September 1999) 537, astro-ph/9901105.
260. G. Ghirlanda, L. Nava, G. Ghisellini, A. Celotti, D. Burlon, S. Covino and A. Me-
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 41
landri, MNRAS 420 (February 2012) 483, arXiv:1107.4096 [astro-ph.HE].
261. E.-W. Liang, S.-X. Yi, J. Zhang, H.-J. Lu¨, B.-B. Zhang and B. Zhang, ApJ 725
(December 2010) 2209, arXiv:0912.4800 [astro-ph.HE].
262. E.-W. Liang, L. Li, H. Gao, B. Zhang, Y.-F. Liang, X.-F. Wu, S.-X. Yi, Z.-G. Dai,
Q.-W. Tang, J.-M. Chen, H.-J. Lu¨, J. Zhang, R.-J. Lu, L.-Z. Lu¨ and J.-Y. Wei, ApJ
774 (September 2013) 13, arXiv:1210.5142 [astro-ph.HE].
263. R. Hascoe¨t, A. M. Beloborodov, F. Daigne and R. Mochkovitch, ApJ 782 (February
2014) 5, arXiv:1304.5813 [astro-ph.HE].
264. R. Hascoe¨t, I. Vurm and A. M. Beloborodov, ApJ 813 (November 2015) 63,
arXiv:1504.06369 [astro-ph.HE].
265. F. Longo, E. Moretti, L. Nava, R. Desiante, M. Olivo, E. Del Monte, A. Rappoldi,
F. Fuschino, M. Marisaldi, A. Giuliani, S. Cutini, M. Feroci, E. Costa, C. Pittori,
M. Tavani, A. Argan, G. Barbiellini, A. Bulgarelli, P. Caraveo, M. Cardillo, P. W.
Cattaneo, A. W. Chen, F. D’Ammando, G. Di Cocco, I. Donnarumma, Y. Evange-
lista, A. Ferrari, M. Fiorini, M. Galli, F. Gianotti, M. Giusti, C. Labanti, I. Lapshov,
F. Lazzarotto, P. Lipari, S. Mereghetti, A. Morselli, L. Pacciani, A. Pellizzoni, F. Per-
otti, G. Piano, P. Picozza, M. Pilia, M. Prest, G. Pucella, M. Rapisarda, A. Rubini,
S. Sabatini, P. Soffitta, E. Striani, M. Trifoglio, A. Trois, E. Vallazza, S. Vercellone,
V. Vittorini, D. Zanello, L. A. Antonelli, S. Colafrancesco, P. Giommi, P. Santola-
mazza, F. Verrecchia, F. Lucarelli and L. Salotti, A&A 547 (November 2012) A95.
266. L. Nava, R. Desiante, F. Longo, A. Celotti, N. Omodei, G. Vianello, E. Bissaldi and
T. Piran, MNRAS 465 (February 2017) 811, arXiv:1610.08056 [astro-ph.HE].
267. M. Ackermann et al., ApJ 716 (June 2010) 1178, arXiv:1005.2141 [astro-ph.HE].
268. G. Ghirlanda, G. Ghisellini and L. Nava, A&A 510 (February 2010) L7,
arXiv:0909.0016 [astro-ph.HE].
269. B. Gendre, G. Stratta, J. L. Atteia, S. Basa, M. Boe¨r, D. M. Coward, S. Cu-
tini, V. D’Elia, E. J. Howell, A. Klotz and L. Piro, ApJ 766 (March 2013) 30,
arXiv:1212.2392 [astro-ph.HE].
270. P. A. Evans, R. Willingale, J. P. Osborne, P. T. O’Brien, N. R. Tanvir, D. D. Fred-
eriks, V. D. Pal’shin, D. S. Svinkin, A. Lien, J. Cummings, S. Xiong, B.-B. Zhang,
D. Go¨tz, V. Savchenko, H. Negoro, S. Nakahira, K. Suzuki, K. Wiersema, R. L. C.
Starling, A. J. Castro-Tirado, A. P. Beardmore, R. Sa´nchez-Ramı´rez, J. Gorosabel,
S. Jeong, J. A. Kennea, D. N. Burrows and N. Gehrels, MNRAS 444 (October 2014)
250, arXiv:1403.4079 [astro-ph.HE].
271. A. J. Levan, N. R. Tanvir, R. L. C. Starling, K. Wiersema, K. L. Page, D. A. Per-
ley, S. Schulze, G. A. Wynn, R. Chornock, J. Hjorth, S. B. Cenko, A. S. Fruchter,
P. T. O’Brien, G. C. Brown, R. L. Tunnicliffe, D. Malesani, P. Jakobsson, D. Wat-
son, E. Berger, D. Bersier, B. E. Cobb, S. Covino, A. Cucchiara, A. de Ugarte
Postigo, D. B. Fox, A. Gal-Yam, P. Goldoni, J. Gorosabel, L. Kaper, T. Kru¨hler,
R. Karjalainen, J. P. Osborne, E. Pian, R. Sa´nchez-Ramı´rez, B. Schmidt, I. Skillen,
G. Tagliaferri, C. Tho¨ne, O. Vaduvescu, R. A. M. J. Wijers and B. A. Zauderer, ApJ
781 (January 2014) 13, arXiv:1302.2352 [astro-ph.HE].
272. M. Boe¨r, B. Gendre and G. Stratta, ApJ 800 (February 2015) 16,
arXiv:1310.4944 [astro-ph.HE].
273. H. Gao and P. Me´sza´ros, ApJ 802 (April 2015) 90,
arXiv:1411.2650 [astro-ph.HE].
274. F. J. Virgili, C. G. Mundell, V. Pal’shin, C. Guidorzi, R. Margutti, A. Melandri,
R. Harrison, S. Kobayashi, R. Chornock, A. Henden, A. C. Updike, S. B. Cenko, N. R.
Tanvir, I. A. Steele, A. Cucchiara, A. Gomboc, A. Levan, Z. Cano, C. J. Mottram,
N. R. Clay, D. Bersier, D. Kopacˇ, J. Japelj, A. V. Filippenko, W. Li, D. Svinkin,
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
42 Hendrik van Eerten
S. Golenetskii, D. H. Hartmann, P. A. Milne, G. Williams, P. T. O’Brien, D. B. Fox
and E. Berger, ApJ 778 (November 2013) 54, arXiv:1310.0313 [astro-ph.HE].
275. E. Quataert and D. Kasen, MNRAS 419 (January 2012) L1,
arXiv:1105.3209 [astro-ph.HE].
276. J. Greiner, P. A. Mazzali, D. A. Kann, T. Kru¨hler, E. Pian, S. Prentice, F. Oli-
vares E., A. Rossi, S. Klose, S. Taubenberger, F. Knust, P. M. J. Afonso, C. Ashall,
J. Bolmer, C. Delvaux, R. Diehl, J. Elliott, R. Filgas, J. P. U. Fynbo, J. F. Graham,
A. N. Guelbenzu, S. Kobayashi, G. Leloudas, S. Savaglio, P. Schady, S. Schmidl,
T. Schweyer, V. Sudilovsky, M. Tanga, A. C. Updike, H. van Eerten and K. Varela,
Nature 523 (July 2015) 189, arXiv:1509.03279 [astro-ph.HE].
277. D. N. Burrows, P. Romano, A. Falcone, S. Kobayashi, B. Zhang, A. Moretti,
P. T. O’Brien, M. R. Goad, S. Campana, K. L. Page, L. Angelini, S. Barthelmy,
A. P. Beardmore, M. Capalbi, G. Chincarini, J. Cummings, G. Cusumano, D. Fox,
P. Giommi, J. E. Hill, J. A. Kennea, H. Krimm, V. Mangano, F. Marshall,
P. Me´sza´ros, D. C. Morris, J. A. Nousek, J. P. Osborne, C. Pagani, M. Perri, G. Tagli-
aferri, A. A. Wells, S. Woosley and N. Gehrels, Science 309 (September 2005) 1833,
astro-ph/0506130.
278. D. N. Burrows, A. Falcone, G. Chincarini, D. Morris, P. Romano, J. E. Hill, O. Godet,
A. Moretti, H. Krimm, J. P. Osborne, J. Racusin, V. Mangano, K. Page, M. Perri,
M. Stroh and Swift XRT Team, Philosophical Transactions of the Royal Society of
London Series A 365 (May 2007) 1213, astro-ph/0701046.
279. G. Chincarini, A. Moretti, P. Romano, A. D. Falcone, D. Morris, J. Racusin,
S. Campana, S. Covino, C. Guidorzi, G. Tagliaferri, D. N. Burrows, C. Pagani,
M. Stroh, D. Grupe, M. Capalbi, G. Cusumano, N. Gehrels, P. Giommi, V. La Parola,
V. Mangano, T. Mineo, J. A. Nousek, P. T. O’Brien, K. L. Page, M. Perri, E. Troja,
R. Willingale and B. Zhang, ApJ 671 (December 2007) 1903, astro-ph/0702371.
280. A. D. Falcone, D. Morris, J. Racusin, G. Chincarini, A. Moretti, P. Romano, D. N.
Burrows, C. Pagani, M. Stroh, D. Grupe, S. Campana, S. Covino, G. Tagliaferri,
R. Willingale and N. Gehrels, ApJ 671 (December 2007) 1921, arXiv:0706.1564.
281. D. Kocevski, N. Butler and J. S. Bloom, ApJ 667 (October 2007) 1024,
astro-ph/0702452.
282. G. Chincarini, J. Mao, R. Margutti, M. G. Bernardini, C. Guidorzi, F. Pasotti,
D. Giannios, M. Della Valle, A. Moretti, P. Romano, P. D’Avanzo, G. Cusumano and
P. Giommi, MNRAS 406 (August 2010) 2113, arXiv:1004.0901 [astro-ph.HE].
283. R. Margutti, G. Chincarini, J. Granot, C. Guidorzi, E. Berger, M. G. Bernardini,
N. Gehrels, A. M. Soderberg, M. Stamatikos and E. Zaninoni, MNRAS 417 (Novem-
ber 2011) 2144, arXiv:1107.1740 [astro-ph.HE].
284. X. Wang and A. Loeb, ApJ 535 (June 2000) 788, astro-ph/9910477.
285. J. J. Eldridge, F. Genet, F. Daigne and R. Mochkovitch, MNRAS 367 (March 2006)
186, astro-ph/0509749.
286. A. Pe’er and R. A. M. J. Wijers, ApJ 643 (June 2006) 1036, astro-ph/0511508.
287. R. A. Mesler, D. J. Whalen, N. M. Lloyd-Ronning, C. L. Fryer and Y. M. Pihlstro¨m,
ApJ 757 (October 2012) 117, arXiv:1204.0261 [astro-ph.HE].
288. R. A. Mesler, D. J. Whalen, J. Smidt, C. L. Fryer, N. M. Lloyd-Ronning and Y. M.
Pihlstro¨m, ApJ 787 (May 2014) 91, arXiv:1401.5565 [astro-ph.HE].
289. E. Nakar and J. Granot, MNRAS 380 (October 2007) 1744, astro-ph/0606011.
290. H. J. van Eerten, Z. Meliani, R. A. M. J. Wijers and R. Keppens, MNRAS 398
(September 2009) L63, arXiv:0906.3629 [astro-ph.HE].
291. I. Gat, H. van Eerten and A. MacFadyen, ApJ 773 (August 2013) 2,
arXiv:1304.3415 [astro-ph.HE].
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 43
292. J. J. Geng, X. F. Wu, L. Li, Y. F. Huang and Z. G. Dai, ApJ 792 (September 2014)
31, arXiv:1407.0588 [astro-ph.HE].
293. R. Margutti, F. Genet, J. Granot, R. Barniol Duran, C. Guidorzi, G. Chincarini,
J. Mao, P. Schady, T. Sakamoto, A. A. Miller, G. Olofsson, J. S. Bloom, P. A.
Evans, J. P. U. Fynbo, D. Malesani, A. Moretti, F. Pasotti, D. Starr, D. N. Burrows,
S. D. Barthelmy, P. W. A. Roming and N. Gehrels, MNRAS 402 (February 2010)
46, arXiv:0910.3166 [astro-ph.HE].
294. A. Vlasis, H. J. van Eerten, Z. Meliani and R. Keppens, MNRAS 415 (July 2011)
279.
295. M. Nardini, J. Elliott, R. Filgas, P. Schady, J. Greiner, T. Kru¨hler, S. Klose,
P. Afonso, D. A. Kann, A. Nicuesa Guelbenzu, F. Olivares E., A. Rau,
A. Rossi, V. Sudilovsky and S. Schmidl, A&A 562 (February 2014) A29,
arXiv:1312.1335 [astro-ph.HE].
296. D. Lazzati, R. Perna and M. C. Begelman, MNRAS 388 (July 2008) L15,
arXiv:0805.0138.
297. Y. Z. Fan and D. M. Wei, MNRAS 364 (November 2005) L42, astro-ph/0506155.
298. A. Maxham and B. Zhang, ApJ 707 (December 2009) 1623,
arXiv:0911.0707 [astro-ph.HE].
299. E. Troja, L. Piro, V. Vasileiou, N. Omodei, J. M. Burgess, S. Cutini, V. Connaughton
and J. E. McEnery, ApJ 803 (April 2015) 10, arXiv:1411.1415 [astro-ph.HE].
300. P. Beniamini and P. Kumar, MNRAS 457 (March 2016) L108,
arXiv:1510.03873 [astro-ph.HE].
301. Z. G. Dai, X. Y. Wang, X. F. Wu and B. Zhang, Science 311 (February 2006) 1127,
astro-ph/0602525.
302. A. King, P. T. O’Brien, M. R. Goad, J. Osborne, E. Olsson and K. Page, ApJ 630
(September 2005) L113, astro-ph/0508126.
303. D. Proga and B. Zhang, MNRAS 370 (July 2006) L61, astro-ph/0601272.
304. R. Perna, P. J. Armitage and B. Zhang, ApJ 636 (January 2006) L29,
astro-ph/0511506.
305. W. H. Lee, E. Ramirez-Ruiz and D. Lo´pez-Ca´mara, ApJ 699 (July 2009) L93,
arXiv:0904.3752 [astro-ph.HE].
306. X. Cao, E.-W. Liang and Y.-F. Yuan, ApJ 789 (July 2014) 129,
arXiv:1405.7097 [astro-ph.HE].
307. R. Hascoet, A. M. Beloborodov, F. Daigne and R. Mochkovitch, ArXiv e-prints
(March 2015) arXiv:1503.08333 [astro-ph.HE].
308. H.-J. Mu, D.-B. Lin, S.-Q. Xi, T.-T. Lin, Y.-Z. Wang, Y.-F. Liang,
L.-Z. Lu¨, J. Zhang and E.-W. Liang, ApJ 831 (November 2016) 111,
arXiv:1608.05028 [astro-ph.HE].
309. J. E. Rhoads, ApJ 525 (November 1999) 737, astro-ph/9903399.
310. A. Gruzinov, ArXiv e-prints (April 2007) arXiv:0704.3081.
311. U. Keshet and D. Kogan, ApJ 815 (December 2015) 100,
arXiv:1506.04739 [astro-ph.HE].
312. R. Sari, T. Piran and J. P. Halpern, ApJ 519 (July 1999) L17, astro-ph/9903339.
313. F. De Colle, J. Granot, D. Lo´pez-Ca´mara and E. Ramirez-Ruiz, ApJ 746 (February
2012) 122, arXiv:1111.6890 [astro-ph.HE].
314. P. C. Duffell and A. I. MacFadyen, ApJ 776 (October 2013) L9,
arXiv:1308.1731 [astro-ph.HE].
315. G. B. Taylor, D. A. Frail, E. Berger and S. R. Kulkarni, ApJ 609 (July 2004) L1,
astro-ph/0405300.
316. Y. Oren, E. Nakar and T. Piran, MNRAS 353 (October 2004) L35,
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
44 Hendrik van Eerten
astro-ph/0406277.
317. A. Panaitescu and P. Kumar, ApJ 571 (June 2002) 779.
318. H. J. van Eerten, A. I. MacFadyen and W. Zhang, Off-Axis Afterglow Light Curves
from High-Resolution Hydrodynamical Jet Simulations, in American Institute of
Physics Conference Series, eds. J. E. McEnery, J. L. Racusin and N. Gehrels, Amer-
ican Institute of Physics Conference Series, Vol. 1358 (August 2011), pp. 173–176.
arXiv:1102.2859 [astro-ph.HE].
319. D. Kocevski and N. Butler, ApJ 680 (June 2008) 531, arXiv:0707.4478.
320. M. De Pasquale, M. J. Page, D. A. Kann, S. R. Oates, S. Schulze, B. Zhang, Z. Cano,
B. Gendre, D. Malesani, A. Rossi, E. Troja, L. Piro, M. Boe¨r, G. Stratta and
N. Gehrels, MNRAS 462 (October 2016) 1111, arXiv:1602.04158 [astro-ph.HE].
321. A. J. van der Horst, Z. Paragi, A. G. de Bruyn, J. Granot, C. Kouveliotou,
K. Wiersema, R. L. C. Starling, P. A. Curran, R. A. M. J. Wijers, A. Rowlinson,
G. A. Anderson, R. P. Fender, J. Yang and R. G. Strom, MNRAS 444 (November
2014) 3151, arXiv:1404.1945 [astro-ph.HE].
322. L. Nava, G. Ghisellini, G. Ghirlanda, J. I. Cabrera, C. Firmani and V. Avila-Reese,
MNRAS 377 (June 2007) 1464, astro-ph/0701705.
323. E. Waxman, S. R. Kulkarni and D. A. Frail, ApJ 497 (April 1998) 288,
astro-ph/9709199.
324. T. Piran, Reviews of Modern Physics 76 (October 2004) 1143, astro-ph/0405503.
325. A. Rau, J. Greiner and R. Schwarz, A&A 449 (April 2006) 79.
326. G. Ghirlanda, R. Salvaterra, S. Campana, S. D. Vergani, J. Japelj, M. G. Bernar-
dini, D. Burlon, P. D’Avanzo, A. Melandri, A. Gomboc, F. Nappo, R. Pala-
dini, A. Pescalli, O. S. Salafia and G. Tagliaferri, A&A 578 (June 2015) A71,
arXiv:1504.02096 [astro-ph.HE].
327. G. Garcia-Segura, M.-M. Mac Low and N. Langer, A&A 305 (January 1996) 229.
328. R. A. Chevalier, Z.-Y. Li and C. Fransson, ApJ 606 (May 2004) 369,
astro-ph/0311326.
329. E. Ramirez-Ruiz, G. Garc´ıa-Segura, J. D. Salmonson and B. Pe´rez-Rendo´n, ApJ 631
(September 2005) 435, astro-ph/0412446.
330. A. J. van Marle, N. Langer, A. Achterberg and G. Garc´ıa-Segura, A&A 460 (De-
cember 2006) 105, astro-ph/0605698.
331. A. J. van Marle, N. Langer, S.-C. Yoon and G. Garc´ıa-Segura, A&A 478 (February
2008) 769, arXiv:0711.4807.
332. P. A. Curran, R. L. C. Starling, A. J. van der Horst and R. A. M. J. Wijers, MNRAS
395 (May 2009) 580, arXiv:0812.2813.
333. K. Leventis, A. J. van der Horst, H. J. van Eerten and R. A. M. J. Wijers, MNRAS
431 (May 2013) 1026, arXiv:1302.0752 [astro-ph.HE].
334. P. Mimica and D. Giannios, MNRAS 418 (November 2011) 583,
arXiv:1106.1903 [astro-ph.HE].
335. R. Margutti, D. Milisavljevic, A. M. Soderberg, C. Guidorzi, B. J. Morsony,
N. Sanders, S. Chakraborti, A. Ray, A. Kamble, M. Drout, J. Parrent, A. Zauderer
and L. Chomiuk, ApJ 797 (December 2014) 107, arXiv:1402.6344 [astro-ph.HE].
336. A. Gal-Yam, Science 337 (August 2012) 927, arXiv:1208.3217.
337. B. D. Metzger and E. Berger, ApJ 746 (February 2012) 48,
arXiv:1108.6056 [astro-ph.HE].
338. G. P. Lamb and S. Kobayashi, ArXiv e-prints (June 2017)
arXiv:1706.03000 [astro-ph.HE].
339. A. Kathirgamaraju, R. Barniol Duran and D. Giannios, ArXiv e-prints (August 2017)
arXiv:1708.07488 [astro-ph.HE].
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
Gamma-ray burst afterglow blast waves 45
340. D. Lazzati, A. Deich, B. J. Morsony and J. C. Workman, MNRAS 471 (October
2017) 1652, arXiv:1610.01157 [astro-ph.HE].
341. A. von Kienlin, C. Meegan and A. Goldstein, GRB Coordinates Network, Circular
Service, No. 21520, #1 (2017) 21520 (2017).
342. D. A. Coulter, R. J. Foley, C. D. Kilpatrick, M. R. Drout, A. L. Piro, B. J. Shappee,
M. R. Siebert, J. D. Simon, N. Ulloa, D. Kasen, B. F. Madore, A. Murguia-Berthier,
Y.-C. Pan, J. X. Prochaska, E. Ramirez-Ruiz, A. Rest and C. Rojas-Bravo, ArXiv
e-prints (October 2017) arXiv:1710.05452 [astro-ph.HE].
343. P. A. Evans, S. B. Cenko, J. A. Kennea, S. W. K. Emery, N. P. M. Kuin, O. Ko-
robkin, R. T. Wollaeger, C. L. Fryer, K. K. Madsen, F. A. Harrison, Y. Xu, E. Nakar,
K. Hotokezaka, A. Lien, S. Campana, S. R. Oates, E. Troja, A. A. Breeveld, F. E.
Marshall, S. D. Barthelmy, A. P. Beardmore, D. N. Burrows, G. Cusumano, A. D’Ai,
P. D’Avanzo, V. D’Elia, M. de Pasquale, W. P. Even, C. J. Fontes, K. Forster,
J. Garcia, P. Giommi, B. Grefenstette, C. Gronwall, D. H. Hartmann, M. Heida,
A. L. Hungerford, M. M. Kasliwal, H. A. Krimm, A. J. Levan, D. Malesani, A. Me-
landri, H. Miyasaka, J. A. Nousek, P. T. O’Brien, J. P. Osborne, C. Pagani, K. L.
Page, D. M. Palmer, M. Perri, S. Pike, J. L. Racusin, S. Rosswog, M. H. Siegel,
T. Sakamoto, B. Sbarufatti, G. Tagliaferri, N. R. Tanvir and A. Tohuvavohu, ArXiv
e-prints (October 2017) arXiv:1710.05437 [astro-ph.HE].
344. H. J. van Eerten and A. I. MacFadyen, ApJ 747 (March 2012) L30,
arXiv:1111.3355 [astro-ph.HE].
345. E. Troja, L. Piro, G. Ryan, H. J. van Eerten, T. Sakamoto and S. B. Cenko, GRB
Coordinates Network, Circular Service, No. 22201, #1 (2017) 22201 (2017).
346. S. Kim, S. Schulze, L. Resmi, J. Gonza´lez-Lo´pez, A. B. Higgins, C. H. Ishwara-
Chandra, F. E. Bauer, I. de Gregorio-Monsalvo, M. De Pasquale, A. de Ugarte
Postigo, D. A. Kann, S. Mart´ın, S. R. Oates, R. L. C. Starling, N. R. Tanvir, J. Buch-
ner, S. Campana, Z. Cano, S. Covino, A. S. Fruchter, J. P. U. Fynbo, D. H. Hartmann,
J. Hjorth, P. Jakobsson, A. J. Levan, D. Malesani, M. J. Micha lowski, B. Milvang-
Jensen, K. Misra, P. T. O’Brien, R. Sa´nchez-Ramı´rez, C. C. Tho¨ne, D. J. Watson and
K. Wiersema, ApJ 850 (December 2017) L21, arXiv:1710.05847 [astro-ph.HE].
347. R. Margutti, E. Berger, W. Fong, C. Guidorzi, K. D. Alexander, B. D. Metzger,
P. K. Blanchard, P. S. Cowperthwaite, R. Chornock, T. Eftekhari, M. Nicholl, V. A.
Villar, P. K. G. Williams, J. Annis, D. A. Brown, H. Chen, Z. Doctor, J. A. Frie-
man, D. E. Holz, M. Sako and M. Soares-Santos, ApJ 848 (October 2017) L20,
arXiv:1710.05431 [astro-ph.HE].
348. J. Granot, R. Gill, D. Guetta and F. De Colle, ArXiv e-prints (October 2017)
arXiv:1710.06421 [astro-ph.HE].
349. R. Margutti, W. Fong, T. Eftekhari, K. Alexander, E. Berger and R. Chornock, GRB
Coordinates Network, Circular Service, No. 22203, #1 (2017) 22203 (2017).
350. D. Haggard, J. J. Ruan, M. Nynka, V. Kalogera and P. Evans, GRB Coordinates
Network, Circular Service, No. 22206, #1 (2017) 22206 (2017).
351. K. P. Mooley, E. Nakar, K. Hotokezaka, G. Hallinan, A. Corsi, D. A. Frail, A. Horesh,
T. Murphy, E. Lenc, D. L. Kaplan, K. De, D. Dobie, P. Chandra, A. Deller, O. Got-
tlieb, M. M. Kasliwal, S. R. Kulkarni, S. T. Myers, S. Nissanke, T. Piran, C. Lynch,
V. Bhalerao, S. Bourke, K. W. Bannister and L. P. Singer, ArXiv e-prints (November
2017) arXiv:1711.11573 [astro-ph.HE].
352. J. J. Ruan, M. Nynka, D. Haggard, V. Kalogera and P. Evans, ArXiv e-prints (De-
cember 2017) arXiv:1712.02809 [astro-ph.HE].
353. D. Lazzati, R. Perna, B. J. Morsony, D. Lo´pez-Ca´mara, M. Cantiello,
R. Ciolfi, B. giacomazzo and J. C. Workman, ArXiv e-prints (December 2017)
January 8, 2018 1:34 WSPC/INSTRUCTION FILE
vanEerten˙IJMPD˙review-arXiv
46 Hendrik van Eerten
arXiv:1712.03237 [astro-ph.HE].
354. J. Heise, J. I. Zand, R. M. Kippen and P. M. Woods, X-Ray Flashes and X-Ray
Rich Gamma Ray Bursts, in Gamma-ray Bursts in the Afterglow Era, eds. E. Costa,
F. Frontera and J. Hjorth (2001), p. 16.
355. B. D. Metzger, D. Giannios and P. Mimica, MNRAS 420 (March 2012) 3528,
arXiv:1110.1111 [astro-ph.HE].
